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Abstract
Diabetes is one of the fastest growing diseases today, affecting over a million people in the 
UK. Numerous medical complications, such as heart disease, are regularly associated with 
diabetes. Despite advances in methods of diagnosis and treatment there is still a need for 
greater understanding of these diseases. This will include research directed towards the 
influence of specific treatments and reasons for the high incidence of diabetes and heart 
disease in ‘at risk’ populations. Changes in elemental status are associated as the cause or 
effect of various diseased states. Elemental imbalance in diabetics can result in impaired 
glucose tolerance and insulin resistance and in sufferers of heart disease elemental changes 
impair heart rate and elasticity of blood vessels.
In the UK 10,000 patients with Ischaemic Heart Disease undergo coronary artery bypass 
grafting (CABG) surgery each year. Elemental analysis has been carried out on blood 
samples collected from a group of patients admitted to hospital for bypass surgery. Proton 
Induced X-ray Emission (PIXE) and Instrumental Neutron Activation Analysis (INAA) have 
been applied as complementary analytical tools for determining elemental concentrations. 
Differences have been examined between CABG patients with and without diabetes. Both 
experimental methods have been used to investigate elemental levels in whole blood, 
erythrocytes and plasma. Elemental concentration varied according to the blood constituent 
and reflected short and long-term influences on elemental homeostasis. Plasma was found to 
concentrate Na, Mg and Ca the highest using both experimental techniques. All blood 
samples were collected and prepared at St. George’s Hospital, Tooting in the UK.
An additional study was conducted to investigate the influence of the bypass operation on the 
patient’s elemental status. Whole blood was obtained at pre (Ih before operation), post (1-2 
hours after operation) and recovery (24 hours after completion of the operation) stages of 
bypass surgery. Differences between the three phases were observed, individual variations 
have been plotted so rates of change can be seen and evaluated with the particular medical 
history. Concentrations of Na, Mg, Al, P, S, Cl, K, Ca and Fe in whole blood were 
determined. The two measurement techniques found different concentrations however results 
showed a general trend that post operative concentrations were elevated compared to pre 
operative values. Analysis of blood drawn during the recovery phase, 24 hours after the
surgery, found that concentration were typically approaching pre operative levels. Both PEXE 
and INAA found concentrations of Na, Mg and Al peaked post operation and then decreased 
in the recovery phase, towards values measured pre surgery. Various factors may be 
responsible for the elemental changes occurring during surgery including, hormone 
production, routine administration of intra-operative fluids and contact of blood with non- 
endothelial surfaces. Hierarchical cluster analysis has been used to confirm differences 
between elemental levels in pre, post and recovery stages of bypass surgery. The dendograms 
produced indicate significant distinction between the three stages.
The explosive impact of diabetes in the UK resident Asian population is discussed and the 
influence of diabetogenic agents introduced. Examination of research literature revealed that 
betel nut has been implicated as a causative agent in several medical conditions. Samples of 
Betel nut and six associated chewing materials widely used in Asian communities has been 
collected and prepared for analysis. Instrumental neutron activation analysis has been used to 
determine the concentration of Na, Mg, Al, Cl, Ca, V, Mn, Cu and Br in the samples by 
means of short-lived radionuclides.
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Chapter 1: Introduction
More people in the UK die from coronary heart disease (CHD) than any other disease. Each 
year ten thousand patients are treated using coronary artery bypass grafting. This surgical 
procedure reroutes the hearts blood supply to avoid a blocked artery thus improving the 
supply of oxygen and nutrients to the heart. High cholesterol, obesity, smoking, genetics and 
diabetes aie some of the risk factors linked to heart disease. In fact cardiovascular disease is 
2-4 times more common in diabetics than non-diabetics and is present in 75% of all diabetes 
related deaths [Her99]. Incidence of heart disease and diabetes may be influenced by lifestyle 
choices which introduce aetiological agents in addition to traditional risk factors. Heart 
disease and diabetes are associated with hormonal and metabolic changes that result in an 
imbalance of elements in the body.
A range and balance of elements are vital to maintain good health. Excess or deficiency of 
certain elements may play a role in the cause or effect of particular' diseased states. Research 
conducted into elemental status of diabetics and sufferers of heart disease is reviewed in 
chapter 2. The bulk of living matter (99%) is comprised of H, C, N, O, Na, Mg, P, S, Cl, K 
and Ca. Contribution to well being from an individual element may be massive or minute but 
the significance of its role may be independent of its quantity. If deficiency of an element 
impairs a body function it is considered essential, detailed criteria for essentiality have been 
defined by Cotzias [Cot67]. Fourteen elements present in trace amounts (]Llg/g) are recognised 
as essential, Fe, I, Cu, Mn, Zn, Co, Mo, Se, Cr, Sn. V, F, Si, Ni and further elements, Br, Sr, 
and As are considered borderline essential due to vital roles found in animals [Fel98]. Both 
essential and non-essential elements are found in the body.
Over abundance of an element is as much a threat to well being as deficiency. All elements 
aie toxic at high enough concentrations and certain elements can be toxic at very low 
concentrations, such as Cd, Hg and As. Toxicity arises at the point where the amount of 
element present has a detrimental effect on the growth or metabolism of an organism. 
Toxicity depends on the particular species of a given element that is present, the dosage at 
which it is received and the route of administration. Aluminium in water used for dialysis
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systems can make direct contact with the blood and can be toxic if not carefully controlled, 
despite Al generally being considered non-toxic due to its low absorption in the intestine 
[Fel98]. Bowen produced an idealised graph to define the essential and toxic effect of an 
element, as shown in figure 1 [Bow66].
BI Optimal
Concentration
Figure 1.1: Elemental dose response graph (redrawn from [Bow66]).
Homeostatic control maintains elemental levels at an optimum as represented by the plateau 
on the graph [Fig 1.1]. However synergistic and antagonistic relationships between elements 
can affect the overall balance of elements in the body and hence a shift in the concentration 
position of the graph, a change in its range and the extent and size of the optimal range may 
occur. Homeostasis of the entire body is maintained by its constituent organs which are 
reliant on blood composition and volume. Since blood is the body’s transport medium and 
easily obtained, it provides an suitable medium for elemental analysis. All blood samples for 
this work were collected and prepared at St. George’s Hospital, Tooting, London in the UK 
following approval by St. George’s Hospital Ethics Committee. Central to any successful 
elemental analysis of biological material is adhesion to a detailed preparation protocol. 
Considerations of sample collection and preparation ate described in chapter 5 as well as 
analysis of reference material and quality control tests. Sample homogeneity is examined 
using images from a scanning electron microscope. Separation of whole blood into plasma 
and erythrocytes can provide information as to short and long term elemental changes 
respectively. This has been considered in chapter 6 using blood collected from diabetics and 
non-diabetics awaiting coronary aitery bypass surgery. Two nuclear analytical techniques,
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Proton Induced X-ray Emission (PIXE) and Instrumental Neutron Activation Analysis 
(INAA) are employed as the measurement methods for this research. INAA was carried out 
at Imperial College’s Reactor Centre in Berkshire, where the thermal neutron flux is typically 
2x10^^ cm 'V . PIXE analysis was conducted using a 1.6 MeV proton beam at the Ion Beam 
Facility at the University of Surrey. A detailed explanation of the theory and practice behind 
INAA and PIXE analysis are given in chapters 2 and 3 respectively.
When assessing the results of elemental analysis it is important to be aware of some of the 
internal and external influences on elemental levels in the body. Concentrations of elements 
in our surrounding environment are constantly changing due to air pollution, fertilisers, food 
additives, food processing, softening of water supplies and so on, all of which can effect the 
biological system. For example, refining of flour and sugar can result in foodstuffs deficient 
in particular elements such as Cr [Mas74]. As well as nutritional intake elemental levels in 
the body vary according to age, sex, level of exercise, geographical location, disease and 
much more. Hormones serve regulatory roles in the movement and distribution of trace 
minerals [Deu93]. For example, hormones that regulate Zn and Cu distribution include the 
glucocorticoids and glucagon, they affect the accumulation of Zn in the liver and epinephrine 
which stimulates accumulation of Cu in liver. Regulation of Zn and Cu metabolism may be 
controlled by reproductive hormones, such as luteinizing hormone, prolactin and estradiol 
[Deu91]. Malabsorption in the stomach or increased losses in sweat, urine and faeces also 
alter the elemental balance and can lead to deficiency. A solution to trace element imbalance 
is not always as simple as taking dietary supplements since antagonistic effects between 
nutrients can cause further detriment to health. An excess of almost any element can inhibit 
the absoiption of another [New93]. Excess zinc depresses uptake and utilisation of iron, 
whereas the presence of vitamin C enhances iron absorption and copper aids optimal 
assimilation of iron into haemoglobin. Recommended daily amounts of nutrients (RDA) can 
easily be exceeded by people taking a supplement and this may or may not be cause for 
concern. Research has found that 58% of adults take a multi-vitamin with iron and/or other 
minerals; thus iron can easily be consumed in quantities which are 5-6 times the RDA 
[New93].
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Any surgical procedure causes a series of changes in the patient from a variety of sources 
including hormonal imbalance, inflammatory response and intra-operative fluids. These 
influences also alter the elemental status of the patient. Throughout coronary artery bypass 
surgery routine clinical tests are taken periodically to monitor Na, K, pH, acidity and 
haemoglobin levels. Little research has been conducted into variations in elemental 
concentrations across the stages of bypass surgery and any implications this may have on the 
health or recovery of patients. Chapter 7 uses INAA and PIXE to track the elemental levels in 
whole blood collected from bypass patients in the pre, post and recovery stages of the 
operation.
At present over 1 million adults in the UK have diabetes. Within the various Asian groups 
living in the UK 10-15% of them have diabetes, which at present is approximately 4 times 
that of the average UK population. Chapter 8 introduces the fact that Asian immigrants are an 
‘at risk’ groups for diabetes and describes the influence of specific factors and diabetogenic 
agents on this population. A lai'ge proportion of South Asian people chew betel nut and 
associated chewing materials, known causative agents in cardiovascular dysfunction, oral and 
oesophageal cancers. A range of chewing materials indigenous to Asian countries and widely 
available in the UK are analysed for their elemental content. The effect of betel nut and 
associated materials on elemental levels may be important to understanding the changes in 
glucose metabolism and insulin sensitivity amongst Asian people.
Finally chapter 9 draws together the conclusions of this reseai'ch and malces suggestions for 
future work in this field.
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2.1 The Impact of Diabetes Mellitus
Diabetes Mellitus (DM) is an incurable disease. 123 million people worldwide have diabetes. Of 
these 1.4 million live in the UK, costing the National Health Service roughly £4.9 billion for the 
year 2000 [Cur97]. By 2010 it is predicted that the number of diabetics worldwide will grow to 
220 million. Approximately 90% of diabetics have Type 2 diabetes which typically affects the 
over 40 age group but on rare occasions can be diagnosed in younger people [Her99]. Type 2 
diabetes was previously referred to as non-insulin dependent diabetes mellitus (NIDDM), this 
terminology has been dropped due to the rising numbers of Type 2 diabetics being treated with 
insulin. In the UK over 25% of Type 2 diabetics inject insulin [How93]. Type 1 diabetes or 
insulin dependent diabetes mellitus (IDDM) commonly presents before the age of 30 as a result 
of an absolute deficiency of insulin and is treated with regular essential insulin injections.
Ingested food, particularly carbohydrates, provide a source of glucose that the cells of the body 
use as energy. Once glucose enters the cell it can be metabolised by glycogen synthesis or 
oxidative and nonoxidative glycolysis. Excess glucose is stored in the liver and muscles as 
glycogen and can be converted back to glucose by a process called glycogenolysis when required. 
Hyperglycaemia is the term used to describe the state of raised blood glucose levels, which can 
be the result of poor glucose assimilation due to insufficient insulin production. Further 
classifications of hyperglycaemia have been recently redefined [WH099]. When fasting blood 
glucose levels are above normal but below the level for diagnosing diabetes (6.1 - 7.0 mmol L” )^ 
the status is referred to as impaired fasting glycaemia (IFG). Impaired glucose tolerance (IGT) 
refers to impaired glucose regulation that can result from any hyperglycaemic disorder and not 
diabetes in particular. Hypoglycaemia arises when the concentration of glucose in the blood 
drops below normal levels (~ 4 mmol L“ )^. Both states of abnormal blood glucose concentrations 
carry a health risk to the sufferer. Initial indications of hypoglycaemia include sweating, shaking, 
confusion and irritability and without treatment with a fast acting carbohydrate the person can 
become unconscious. Glucose levels in the body aie strictly regulated by the pancreas. Within
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the pancreas a cluster of cells, called the Islets of Langerhans, comprise alpha cells which 
produce the hormone glucagon and beta cells which produce the hormone insulin. Glucagon has 
a hyperglycaemic effect on the body whereas insulin is hypoglycaemic. When the pancreas 
functions correctly the anatagonistic relationship between glucagon and insulin production 
ensures a healthy balanced blood glucose level (< 6.1 mmol L"') is maintained in the body. 
Insulin is responsible for the absorption of glucose into cells for energy, into the liver and fat 
cells for storage and inhibition of glycogenolysis. Diabetes results from insulin deficiency and/or 
insulin resistance. Insulin deficiency leads to high levels of glucose in the blood initially 
manifesting as polyuria and polydipsia in its sufferers. Diabetes is diagnosed when the fasting 
plasma glucose concentration is > 7.0 mmol or 6.1 mmol in fasting whole blood 
[WH099].
Diabetes Mellitus is a widespread disease that has a huge effect on the health of those who suffer 
from it due to micro- and macrovascular complications. Microvascular complications of diabetes 
include nephropathy, retinopathy and neuropathy. The major cause of morbidity and mortality in 
Type 2 diabetes is due to macrovacsular complications resulting in problems with the 
cardiovascular system including coronary heart disease (CHD), stroke and peripheral vascular 
disease (PVD). Steps towards greater understanding of diabetes will have major consequences. 
To date diabetes is treated through blood glucose monitoring, oral medication or insulin 
injections, drugs and meal planning. Increasing evidence is accumulating that indicates earlier 
detection and management of diabetes and related metabolic abnormalities may be beneficial 
[GriOO]. Microalbuminuria is one indicator of the development of cardiovascular disease in both 
diabetics and non-diabetics [Pic97]. The likelihood of people with Type 2 diabetes developing 
coronary heart disease at some point in the future can be determined by high fasting blood 
glucose level (HbAic) [Kuu94, And95]. Persistent hyperglycaemia exacerbates furring and 
hardening of the arteries resulting in atherosclerosis, the precursor to coronary heart disease. 
New methods of predicting onset of diabetes and its associated diseases could help decrease the 
severity or even prevent complications of the disease.
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2.2 Elemental Status and Diabetes
Diagnosis and treatment of diabetes could advance through knowledge of both the major and 
minor elemental status of diabetics. Accumulating evidence indicates that micronutrient intake 
may be important in promoting optimum health for diabetics [Moo87]. Both Type 1 and Type 2 
diabetes are associated with alterations in tissue concentrations of several essential elements 
[Bha94]. Many of these changes are brought about by altered elemental metabolism in diabetics. 
Deficiency of trace elements result in impaired glucose tolerance, insulin resistance and glucose 
intolerance. Elemental differences are not purely due to diet and recall food records have found 
no marked differences between diabetic and non-diabetic subjects with regard to element intake 
[Wal91]. Some of these changes associated with an impairment of glucose homeostasis, can be 
corrected after supplementation with the appropriate micronutrient [Bha94]. Amongst the 
different research studies that have investigated the elemental status of diabetics, concentrations 
determined often differ. However, most research does indicate that elemental levels in diabetics 
are altered from non-diabetics of comparable age and sex. It is clear that although elemental 
analysis has been carried out for a number of years, there aie still vast gaps and inconsistencies in 
the knowledge, perhaps due to the different detection capabilities of the various techniques used 
for analysis. When embarking on a review of the work done to date in the field of elemental 
analysis applied to diabetes, certain elements stand out as being studied the most. Considerable 
research has been dedicated to looking at the role of Cr, Mg and Zn in diabetes. A significant 
amount of the available literature on diabetes are review papers. The most comprehensive review 
paper found during the literature search for this thesis was published by Mooradian and Moorley 
[Moo87]. This paper summarised differences in both the element and vitamin status of Typel 
and Type 2 diabetics compared with non-diabetics [Table 2.1].
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Micronutrients Type 1 Diabetes Type 2 Diabetes
Trace elements Zn i i
Cr Î
Ca 4. O
Mg i
Cu or T
Mn or i 1#
Fe
Se T ?
Vitamins A ?
Thiamin (B vitamin)
B-6 or 4/ 4-^  or 4/
B-I2 or 4/
C 4—^ or 4^ 4-^  or 4'
D 4->
E T T
= neither increased nor decreased
= type o f  diabetes not specified
= increased in Japanese diabetics
Table 2.1: Changes in elemental levels in Type 1 and Type 2 diabetics.
Biologically active chromium is present in the glucose tolerance factor (GTF) which regulates 
glucose homeostasis [Moo94]. How GTF improves glucose tolerance is not properly understood 
but it is thought to enhance the binding of insulin to specific receptors promoting normal 
carbohydrate and lipid metabolism. Insufficient dietary chromium can result in impaired glucose 
and lipid metabolism causing an increase in blood glucose, cholesterol and triglycerides in the 
body. Chromium metabolism is altered in diabetics compared to non-diabetics and Cr 
supplementation has produced pronounced beneficial effects on glucose, insulin and cholesterol 
levels in individuals with Type 2 diabetes [And97]. Table 2.1 reports that Cr in Type 2 diabetics 
is neither increased nor decreased compared to non-diabetics and that in Type 1 diabetics Cr 
levels are elevated, this does not appear to agree with the findings of Anderson and co-workers or 
may indicate that diabetics require more Cr [And97]. Administration of corticosteroids (drug 
similar to corticosteroid hormones produced by the adrenal gland) can cause impaired glucose 
tolerance and diabetes resulting in a state of increased chromium losses. Urine analysis using
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atomic absorption spectrometry determined that Cr supplementation reversed Cr deficiency ;
induced in patients treated with corticosteroids [Rav99]. j
Hypomagnesemia occurs in 25-38% of patients with Type 2 diabetes especially those with poor 
glycaemic control [Lou98]. Magnesium is a cofactor in hundreds of enzymatic reactions and 
plays an essential part in glucose homeostasis through its regulation of insulin secretion. Mg may 
be an important determinant of insulin sensitivity in Type 2 diabetes [Yaj84]. Insulin mediates |
Mg metabolism, as diabetes is a state of insulin resistance diabetics may require more Mg than |
non-diabetics. Supplementation of 41.4 mmol of magnesium oxide daily has been found to '
improve glycaemic control and may help prevent chronic complications [Lou98].
i
Several beneficial properties of Zn have been found to improve the quality of life of people with I
diabetes. Zinc deficiency reduces insulin secretion and increases tissue resistance to insulin I
action. Approximately 0.5% of crystalline insulin commonly injected by Type 1 diabetics is Zn 
[Moo94]. Peripheral neuropathy is a common complication of diabetes and manifests as severe 
dermatological wounds. Zinc based preparations are regularly and successfully used to accelerate 
wound healing [SanVO]. Deficiencies of certain elements cannot be explained by insufficient 
dietary intake alone. For example diabetic patients tend to loose large amounts of zinc and 
magnesium in their urine which may account for the low levels often found in their blood [Sjo88,
Bha94]. Reseai'ch has suggested a link between zinc and obesity. Evidence indicates that Zn, Cr 
and Se may each play a role in altering the development of sucrose induced obesity [Boc95]. In 
the study by Bock and co-workers it was found that rats fed with a sucrose solution supplemented 
with zinc, chromium and selenium gained less weight than rats on an unsupplemented diet. This 
may have implications to Type 2 diabetics as they usually suffer from obesity prior to or as a |
consequence of the disease onset. Body weight is also affected by other elements, slower weight :
gain is a side-effect of vanadium administration which can be adverse or positive depending on 
individual circumstances [Bri91].
Selenium is an integral part of glutathionine peroxidase and protects against tissue damage from 
peroxides produced by lipid metabolism. Evidence of the connection between selenium and 
diabetes is often conflicting. Selenium levels have been repotted to be similar for diabetics and 
non-diabetics [Moo94]. Animal studies have suggested a relationship between selenium and
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diabetes. Administration of oral selenate to diabetic rats reduced blood glucose levels [McN91]. 
Selenium is important for the action two glycolytic enzymes, glucoldnase and L-type pyruvate 
kinase, responsible for metabolism in the liver, following intake of oral selenate levels of these 
two enzymes were raised to normal in diabetic rats [Bec96]. An interrelationship exists between 
selenium and vitamin E. A significant decline in insulin secretion has been reported in selenium 
deficient rats which developed into glucose intolerance in rats fed long-term diets insufficient in 
selenium and vitamin E [Asa86]. Selenium may also effect the overall elemental balance of Mg, 
Ca, Fe, Cu and Zn in the body, in particular Se deficiency may be responsible for abnormally 
high Fe levels [Cha95].
Little attention has been given to the role of Fe in diabetes and it is not known to play any 
definite role. Fe deficiency impairs absorption of fat and fat-soluble vitamins, including A and D 
and therefore Fe deficiency may add to the problems associated with vitamin deficit [Hel97]. 
Lon deficiency and diabetes are not usually connected and unless the diabetic suffers from renal 
failure or malabsorption resulting from gastrointestinal neuropathy then the iron status of 
diabetics is not noticeably different from non-diabetics [Moo87]. Lon overload 
(haemochromatosis) is often associated with glucose intolerance [Moo94].
Vanadium is a trace element able to mimic the properties of insulin by increasing glucose 
transport and metabolism, both in vitro and in vivo but possible side effects of supplementation 
require deeper research before safe clinical trials can be launched [Bri91]. Blood glucose 
concentrations in rats, that have had their pancreatic p-cells destroyed by a drug called 
streptozotocin, can be decreased to normal following 2-5 days of treatment with oral vanadium 
[Mey87]. Synergistic and antagonistic effects between particular elements are an important 
consideration when attempting to interpret the results of elemental analysis. Vanadate improves 
muscle glycogen synthesis in diabetic rats and when administered together with lithium the 
required dose of vanadate is reduced [Ros90]. The same study found further improvements in 
insulin sensitivity when zinc and magnesium were added to the vanadate and lithium therapy. 
Work by Rossetti and co-workers was the only reference found during this literature review 
suggesting a connection between Li and diabetes.
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Other elements have also been studied for their role in diabetes. Glucose intolerance in diabetic 
animals has been linked to changes in Mn metabolism but the connection has not been found to 
apply to human studies [Moo94]. Calcium is already established as an essential component in the 
body, particularly for bone formation but little is known of any function it may play in diabetes. 
It is known that Ca is essential for one of the endopeptidases that splits insulin from proinsulin 
[Rho94], By studying the elemental status of diabetics in comparison to non diabetics there may 
be solutions, such as dietary supplementation, which could stop the onset of diabetes, decrease 
the severity of the disease or associated medical conditions.
2.3 Free Radicals and Antioxidants
Considerable research is being earned out into the role of free radicals in disease. Reactive 
oxygen species (ROS) refer to unwanted products of oxygen metabolism that are potentially 
harmful to the body. Oxygen free radicals, a subgroup of ROS, are charged molecules that have 
one unpaired electron and are unstable and highly reactive. If a free radical talces an electron 
from a neighbouring molecule then that molecule becomes unstable thus starting a chain reaction 
which leads to cell damage and often cell death. Oxygen free radicals typically talce an electron 
from proteins, neurotransmitters and so on and therefore have a huge effect on health. ROS can 
cause cell damage by attacking membrane lipids or proteins, inactivating enzymes and more 
[Cho79]. When the body is healthy a series of defensive mechanisms protect the tissues and 
organs against damage by free radicals. Protection and repair is controlled by antioxidants, 
enzymes plus certain vitamins and carotenoids that ‘mop up’ metabolism products. Enzymes are 
responsible for catalysing various oxygen based processes or oxidation reactions within the body. 
Typically these enzymes talce the form of metalloenzymes whose active site contains a metal ion 
which is complexed with oxygen. Manganese, copper, zinc, selenium and iron are essential for 
the enzymes that regulate the production of free radicals in the form of manganese superoxide 
dismutase (MnSOD), copper-zinc superoxide dismutase (Cu,ZnSOD), selenoenzyme glutathione 
peroxidase (GSH-Px) and the iron-containing enzyme catalase [Dip93, Fie99]. Antioxidant 
mechanisms are not solely controlled by enzyme activity. Ascorbic acid (vitamin C) is a 
nonenzymatic activator of antioxidant defense, and particular concentrations of caerulolasmin, 
the protein that contains most of the Cu in blood have been found to possess antioxidant 
properties [Fie99]. The role of antioxidants is to prevent injury from free radicals, insufficient
11
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levels of antioxidants may play a part in several medical conditions. Thorough understanding of 
ROS in the body could hold the key to preventing diseases such as cardiovascular disease and 
cancer.
Free radical damage is thought to play a role in the aetiology of diabetes and its complications.
The involvement of oxidative stress in diabetes is through the processing of low density 
lipoproteins (LDL) or glycosylation. Both Type 1 and Type 2 diabetes have been found to be |
associated with an imbalance of free radicals and antioxidants [Nou97]. Evidence suggests that Î
Type 1 diabetes may be caused by destruction of pancreatic P-cells as a result of oxidative stress 
but it is not known whether the imbalance of free radicals and antioxidants is the cause or effect |
of Type 2 diabetes [Ioa95]. People with Diabetes are at high risk for heart disease and it is I
recognised that various interventions prove beneficial to these complications, including |
antioxidant treatment [Bloo99]. Development of secondary complications of diabetes has been 
linked to the oxidative damage resulting from lipid peroxidation, for example lipid peroxide 
levels are strongly correlated with Ischemic Heart Disease [Chi94]. Generation of reactive 
oxygen species can result from autoxidaton of glucose and glycated proteins and this is enhanced 
by the presence of transition metals [Sta91]. Thus imbalance of certain elements could affect 
oxidative status and in turn play a role in the development of complications of diabetes.
2.4 Blood Composition and Diabetes
Limited information is available from the literature as to elemental concentrations determined in 
blood collected from diabetics. Some of the values available in the literature have been tabulated 
for reference [Table 2.2a, b and c]. With reference to table 2 it is clear that elemental information 
available from the literature is limited and that units of measurement are very inconsistent 
between studies. Evidence as to the blood constituent most representative of total body 
concentrations is divided. Researchers often report that plasma is not representative of total body 
composition [Raz89]. For example the manganese content of erythrocytes is three times that of 
plasma [Vol62]. Sjogern et al. found plasma levels of Mg, K and Zn were lower in diabetics than 
controls but that this was not the case for Mg, K and Zn in erythrocytes, muscle biopsies and 
urine [Sjo88]. The conclusion drawn by the study was that plasma was not a representative 
medium for blood analysis and that erythrocytes provide a more accurate monitor of the
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elemental composition of tissue, whole blood was not analysed. During this literature review the 
paper by Sjogern et al. was the only one found that referred to a role for K in insulin sensitivity 
and lowering glucose levels. Kosenko studied the level of Mn, Si, Al, Ti and Cu in whole blood 
from diabetics and non-diabetics and came to three main conclusions [Kos64]. The work 
reported that compared to non-diabetics whole blood concentrations of Al, Si and Ti for diabetics 
were half and concentrations of Cu and Mn were less than half. Severity of diabetes was found to 
be associated with reduced concentrations of Si, Al, Ti and Cu but not Mn and duration of the 
disease was accompanied by decreasing blood concentrations of Mn, Si, Al and Cu. Plasma from 
diabetics has been found to contain lower Zn and Mg but higher Cu and Ca although the 
statistical differences in Ca and Mg were not significant [Che95]. In this research significantly 
lower Zn and higher Ca levels were found in erythrocytes from diabetics confirming the results 
for plasma. Co, Cr, Se and Zn have been reported as lower in whole blood from diabetics than 
healthy subjects but the reader is not informed of whether analysis used plasma, serum, 
erythrocytes or whole blood [E1-A94].
Whole Blood
Element Non-diabetic Diabetic Author Method
Al 1.23 jlg/g 30.7 mg % of ash
2.43 pg/g 
15.9 mg % of ash
E1-A94
Kos64
RNAA
AAS
Co 0.19 pg/g 0.05 pg/g E1-A94 INAA
Cr 0.36 |Lig/g 0.25 pg/g E1-A94 INAA
Cu 3.17 p/g3.7 mg % of ash
3.43 pg/g 
1.8 mg % of ash
E1-A94
Kos64
RNAA
AAS
Hg 0.01 pg/g 0.01 pg/g E1-A94 INAA
Mg 104 pg/g 112.33 pg/g E1-A94 RNAA
Mn
0.059 pg/g 
2.1 mg % of ash 
0.19 pM
0.066 pg/g
1 mg % of ash 
0.16 pM
E1-A94
Kos64
Wal91
RNAA
AAS
GF-AAS
Rb 12.8 pg/g 12.50 pg/g E1-A94 INAA
Si 40.6 mg % of ash 20.9 mg % of ash Kos64 AAS
Se 1.05 pg/g 0.89 pg/g E1-A94 INAA
Ti 12.7 mg % of ash 6.7 mg % of ash Kos64 AAS
Zn 32.7 pg/g 18.20 pg/g E1-A94 INAA
Table 2.2a: Review of elemental concentrations of whole blood from diabetics and non-diabetics.
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Erythrocytes
Element Non-diabetic Diabetic Author Method
Ca 0.56 mmol/L 1.04 mmol/L Che95 AAS
Cu 17.9 pmol/L 15.3 pmol/L Che95 AAS
K 94.4 mmol/L 96.7 mmol/L Sio88 not specified
1.78 mmol/L 1.42 mmol/L Che95 AAS
Mg 2.09 mmol/L 2.14 mmol/L Sjo88 not specified
71.4 mmol/L 89.0 mmol/L Raz89 AAS
156.6 pmol/L 83.3 pmol/L Che95 AAS
Zn 12.9 mmol/L 12.7 mmol/L Sjo88 not specified
7.3 pmol/L 6.5 pmol/L Raz89 AAS
Table 2.2b: Review of elemental concentrations of erythrocytes from diabetics and non-diabetics.
Plasma
Element Non-diabetic Diabetic Author Method
Ca 1.45 mmol/L 1.77 mmol/L Che95 AAS
19.0 pmol/dL 12.6 pmol/dL Che95 AAS
Cu 75.65"'' (ig/dL 75.30"'' ng/dL Jet90 AAS23.2* pmol/L 20.2* pmol/L Raz89 AAS
13.2 pM 16.6 pM Wal91 FAAS
Fe 20.27 pmol/L 20.90 pmol/L Hav90 lab test
K 4.13 mmol/L 4.29 mmol/L Sio88 not specified
0.61 mmol/dL 0.52 mmol/dL Che95 AAS
0.79* mmol/L 0.74* mmol/L Lou98 lab test
0.77 mmol/L 0.70 mmol/L Sjo88 not specifiediVlg 8.9* pmol/L 8.8* pmol/L Raz89 AAS
0.77 pM 0.73 pM Wal91 FAAS
0.89mmol/L 0.95 mmol/L Yaj84 ?
14.3 pmol/L 15.8 pmol/L Che95 AAS
15.70 pmol/L 15.50 pmol/L Hav90 Lab test
Zn 65.60"'' (ig/dL 67.30"'' ng/dL Jet90 AAS0.93 mmol/L 0.83 mmol/L Sjo88 not specified
13.1* pmol/L 15.1* pmol/L Raz89 AAS
11.7 pM 9.9 pM Wal91 FAAS
Table 2.2c: Review of elemental concentrations of plasma from diabetics and non-diabetics.
 ^ = serum
AAS = atomic absorption
FAAS = flame atomic absorption spectrophotometry
GF-AAS = Graphite furnace atomic absorption spectrophotometry
Hy = Hypertensive
INAA = Instrumental neutron activation analysis
R NAA =  radiochemical neutron activation analys i s   _
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2.5 Cardiovascular Disease
More people in the UK die from coronary heart disease (CHD) than any other disease. 
Cardiovascular disease is 2-4 times more common in diabetics than non-diabetics and is present 
in 75% of all diabetes related deaths [Her99]. In 1990 CHD claimed the lives of 150,000 people 
in England and Wales and cost the National Health Service 2.5% of its total budget [Pou93]. 
Heart disease levels in the UK are amongst the highest in the world and are comparable with the 
high levels of standard risk factors. These risk factors were assessed by the Framingham Heait 
Study which produced a formula to evaluate the risk integrating age, sex, smoking habits, 
hypertension and glucose intolerance [Syt96].
Coronary artery disease (CAD) describes a condition where the coronary arteries are blocked and 
therefore blood flow to the heart is restricted. Causes of CAD, collectively called 
arteriosclerosis, include atherosclerosis (thickening of the artery walls), coronary artery spasm 
and coronary thrombosis (blood clot) in the coronary artery. The result is that insufficient blood 
flows to the heart muscle and it becomes damaged. Atherosclerosis is the most common type of 
arteriosclerosis. Atherosclerosis is a disease of the arterial wall in which the inner layer thickens, 
causing narrowing of the channel and thus impaired blood flow. Narrowing is due to the 
development of raised patches called plaques in the inner lining of the arteries [Figure 2.1]. 
These plaques consist of a substance called atheroma, a mixture of low-density lipoproteins, 
decaying muscle cells, fibrous tissue, clumps of blood platelets, cholesterol and sometimes Ca. 
Typically atheromas form in regions of turbulent blood flow and are found most often in people 
with high concentrations of cholesterol in their blood stream. When Ca deposits in the lining of 
the arteries it may be referred to as Monckeberg’s arteriosclerosis. The number and thickness of 
plaques increase with age, causing loss of the smooth lining of the blood vessels and encouraging 
thrombus (abnormal blood clot) formation. Sometimes, a fragment of thrombus breaks off and 
forms an embolus, which travels through the bloodstream and blocks smaller vessels. 
Atherosclerosis causes serious damage through reduced blood flow in the major arteries and can 
lead to peripheral vascular disease (PVD). Atherosclerosis produces no symptoms until the 
damage is severe enough to restrict blood flow which can cause dizziness, angina, intermittent 
claudication (pain in legs when walking) transient ischaemic attacks (symptoms and signs of a 
stroke).
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The Coronary Artery
Restricted 
blood flow
Atherosclerotic plaque
Figure 2.1 An atherosclerotic plaque.
Symptoms of CAD start when there is about 75% narrowing of a coronary artery and range from 
mild angina to a myocardial infarction (heart attack). The state of reduced blood flow induced by 
CAD is called ischemia and decreases the oxygen supply to cells (hypoxia) which may be 
damaging to the heart muscle and result in coronary heart disease (CHD). When blood is able to 
flow again further tissue damage may be done due to the oxygen free radicals in the reintroduced 
blood. Various options are available to patients with a severe heart condition, such as drugs, 
cardiac assist devices and heart by-pass or transplant operations. Patients with ischemic heart 
disease have improved following treatment with p-blockers, thrombolytic agents, aspirin, ACE 
inhibitors (angiotensin-converting enzyme inhibitiors) and lipid-lowering drugs [Her99]. 
Coronary artery bypass grafting (CABG) is a common surgical technique that increases blood 
supply to the heart. CABG avoids the section of blocked artery using a section of blood vessel 
from elsewhere in the patient’s body, typically the saphenous vein in the leg.
A complex series of hormonal and metabolic changes are induced by surgery, some of which 
may be irrespective of whether the patient is diabetic or not. Significantly increased secretion of 
stress hormones in particular, cortisol and catecholamines, are induced as a result of surgery. 
Good glycaemic control is essential prior to major surgery on a diabetic.
Perhaps there could be a roll for nutritional supplementation to control 
glucose levels and hormone production in the pre-operative or post-operative phases. The overall 
outcome of open-heart surgery has recently been reported to be similar in diabetics and non­
diabetics [Hit99].
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2.6 The Cardiovascular System
The blood, blood vessels and the heart are the three main components of the cardiovascular 
system. The role of the blood is transportation, regulation and protection. Blood is the body’s 
transport medium for oxygen from the lungs, nutrients from the gastrointestinal tract and 
hormones from endocrine glands, as well as carbon dioxide and metabolic waste. Blood 
regulates pH, body temperature and its ability to clot protects against blood loss. Homeostasis of 
the entire body is maintained by its constituent organs which are reliant on blood composition 
and volume. Blood constitutes about 8% of total body weight, amounting to between 4-6 litres in 
an average adult [Tor96]. Whole blood is composed of blood plasma, a watery liquid in which 
cells are suspended, 99% of these are red blood cells known as erythrocytes. Whole blood can be 
centrifuged to separate the plasma and erythrocytes. Erythrocytes account for approximately 
45% of the total blood volume and plasma for 55%. Plasma comprises 91.5% water and 8.5% 
solutes, which are mainly proteins, but also include nutrients, enzymes, hormones, gases and 
waste products. The lifecycle of an erythrocyte is typically 120 days as it does not have a nucleus 
and therefore cannot synthesise new components when old ones get damaged. The protein 
haemoglobin found in erythrocytes is responsible for oxygen transport. Low levels of
erythrocytes means reduced haemoglobin and can lead to anaemia. One of the causes of 
anaemia is insufficient iron levels due to inadequate absorption or excessive loss of iron, lack 
of certain amino acids and lack of vitamin B 12. When blood is extracted from the body 
coagulation takes place and a gel like clot forms which separates from the liquid or serum. The 
clot contains fibrin a network of insoluble protein fibres.
To maintain homeostasis the heart pumps blood around the body allowing continuous transport 
of essential components and waste products. Arteries from the left side of the heart deliver 
oxygenated blood to all cells in the body and the veins collect the deoxygenated blood and return 
it to the right side of the heart from where it is pumped to the lungs and exhaled. Healthy 
functioning of the heart is influenced by several risk factors including high blood cholesterol, 
obesity, smoking habits, exercise level, diabetes, genetics and age. An estimated 20-30% of Type 
2 diabetics exhibit micro- and macrovascular complications at the time of diagnosis and onset of 
Type 2 diabetes often occurs 4-7 years before clinical diagnosis [Hei96, Har92].
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2.7 Elemental Status and Cardiovascular Disease
The physiology of the heart and heart rate are controlled by hormones and ions. Hormones, such 
as epinephrine and norepinephrine, enhance heart rate and contractility of the heart muscle. 
Differences between intracellular and extracellular ions also have a major effect on the heart and 
imbalances can compromise optimal functioning of the heart. For example nerve and muscle 
fibres require and Na"^  to create action potentials, controlling events talcing place within cells. 
Cations K^, and Na'*' have the greatest impact on cardiac function [Tol96]. A decline in 
heart rate and contractility is experienced when there are raised levels of IC or Na'*' in the blood. 
Excess Na'*' blocks Ca^ '*' inflow during cardiac action potentials and thus decreases the force of 
the contraction, whereas excess iC  blocks generation of action potentials. Caidiac output can 
be strengthened by a small increase in extracellular Ca^  ^which acts to speed up the heart rate.
Examination of the literature found that inadequate information is available as to the elemental 
status of diabetics with cardiovascular complications through blood analysis and the majority 
seems to focus on plasma analysis [Table 2.3a, b and c]. Perhaps the incidence or severity of 
heart disease could be reduced with improved detection and treatment of elemental imbalances. 
Linked with this philosophy it must be remembered that CHD may not result from excess or 
deficiency of one element but instead may arise from a combination of deficiency and excess of 
numerous potentially atherogenic agents [Fie99]. The risk of CHD is greatly increased due to 
raised blood pressure associated with high Na and low K in the diet [Kha93]. In a document on 
trace element analysis produced by the Royal Surrey Hospital in Guildford Al, Sb, Ba, Co, Zn, 
Fe, Mg and Se are listed as potentially playing a causative role in various heart conditions 
[Wal98]. Long-term research is investigating Se depletion as a risk factor for cardiovascular 
disease. Elemental supplementation for people with cardiovascular complications does have 
known benefits. For example, a type of cardiomyopathy known as Keshan Disease broke out in 
China and was prevented by Se supplementation [Fel98].
Atherosclerosis is often an early sign of various forms of coronary disease. Muscular tissues 
which comprise the arteries have a variety of characteristics and physiological functions. Their 
major physiological function is the elastic contraction and relaxation of the artery. Lipid 
deposition in the progression of atherosclerosis is well established and research is exploring the 
potential role of various elements. Plasma analysis has found atherosclerosis patients to have
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decreased zinc and increased manganese concentrations, whereas erythrocytes were reported to 
show increased levels of zinc and cobalt [Vol62]. Elemental composition studies have analysed 
autopsy samples of arterial tissue. PIXE has detected P, S, Cl, K, Ca, Fe, Cu and Zn in arterial 
tissue [Pal93]. This study also reported that the elemental content of the arterial wall decreased 
with the duration of atherosclerosis. Seeley proposed a connection between atherosclerosis and 
calcium through excessive milk consumption [SeeOO]. High intake of calcium can lead to 
calcium deposition in arterial walls resulting in calcification and rigidification of large arteries 
(mainly in the aorta). This inhibits normal elasticity of artery walls and contributes to arterial 
narrowing. Lysine oxidase a copper containing enzyme is required for elastic tissue synthesis. 
Copper deficiency decreases the activity of lysine oxidase in blood vessel walls and may be a 
consideration in the progression of artherosclerosis [Sch97]. Much of the research into elemental 
status and cardiovascular disease focuses on the role of copper in various stages of the disease. 
The onset of coronary heart disease has been associated with a high zinc/copper ratio [Kle75]. 
Following myocardial infarction increased serum nickel and copper has been reported [Sun70, 
How80, Ver75]. Effective assimilation of Cu in the body is influenced by sufficient intake of Fe, 
Cd, Mn and Mo in food [Und71]. Investigations into individual elements as parameters of 
cardiovascular disease therefore require the researcher to keep an open mind as to the 
multielemental situation.
Animal studies dominate much the research into elemental function and caidiovascular disease 
[KleOO]. Makjanic et al. examined aortic tissue taken from rabbits that had been bled at weekly 
intervals prior to slaughter and found a reduced uptake of iron by the artery walls and delayed 
formation of atherosclerotic lesions [Mak99]. Often there is conflicting information available 
from the literature on elemental abnormalities found in diseased states. Versieck et al. focused on 
changes in serum manganese, as well as copper and zinc, following myocardial infarction 
lVer75]. The study reported that there was no increase in manganese levels despite previous 
work indicating such and that an increase in copper and decrease in serum zinc were observed.
Poorly controlled diabetes is associated with magnesium depletion especially in those with 
coronary heart disease lLou98]. Drinking water as a source of elemental intake has been 
considered as to its possible role in cardiovascular disease. In particular calcium and magnesium 
have been studied in association with their responsibility for water hardness and possible
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protective effect against heart disease. Maheswaran found no relationship between magnesium in 
drinking water and mortality from heart disease in North West England [Mah99]. As has been 
mentioned previously some elements are present in low concentrations in diabetics but this 
deficiency is typically not a result of urinary excretion except for Zn and Mg. Little research has 
been conducted that considers the contribution of urinary excretion to elemental deficiency in 
particular complications associated with diabetes. Urinary excretion of chromium, manganese 
and copper have been reported to be unaffected by cardiovasculai* disease [E1-Y91].
There is a knowledge base of established connections between various elements and disease or 
treatment of disease. This foundation is encouraging but far from definitive since much of the 
research completed is patchy or difficult to compare. Diabetes and heart disease are having 
overwhelming implications for health. Deeper understanding of elemental imbalance as a 
consequence of these diseases and elemental changes that arise through treatment procedures 
may provide important insight and lead to simple interventional methods and improved lifestyles.
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Whole Blood
Element Non-diabetic HD patient Author Method
Mn 8.02* |ig% 8.71* ng% Vol62 colorimetric
Se 93 64 ug/L™° Ost89 not specified
Table 2.3a: Review of elemental concentrations of whole blood from subjects with and without
heart disease.
Erythrocytes
Element Non-diabetic HD patient Author Method
Co 6.08* HR% 7.74* ns% Vol62 colorimetric
Mn 13.73* (ig% 12.82* ug% Vol62 colorimetric
Se 0.39 0.29 Ug/g™’’ Ost89 not specified
Zn 1049.5* ng% 1309* Ug% Vol62 colorimetric
Table 2.3b: Review of elemental concentrations of erythrocytes from subjects with and without
heart disease.
Plasma
Element Non-diabetic HD patient Author Method
75.65"' ng/dL 80.90"' ng/dL Jet90 AAS
Cu llll*CHD^g/L 850*°"° |ig/L Ost89
1.07*“ ' mgTL 1.23*“ ' mgÆ Ver75 RNAA
Co 11.56* ng% 11.05* |Xg% Vol62 colorimetry
Fe 985*™° ug/L 878*°"° ng/L Ost89 not specified
K 4.2*™° mmoI/L 4.5*°"° mmol/L Ost89 not specified
Mg 0.83*™° mmol/L 0.85*°"° mmol/L Ost89 not specified
Mn 4.59* ixg% 5.33* ng% Vol62 colorimetry0.57*“ ' ng/L 0.64*“ ' ug/L Ver75 RNAA
Se 75*°"° ngÆ. 46*°"°ugÆ, Ost89 not specified
Zn
65.60"' |lg/dL 
931*™°(ig/L
67.50"'ug/dL 
714*°"° ugA,
Jet90
Ost89
AAS
0.94*“ ' mg/L 0.81*“ ' mg/L Ver75 RNAA
275.5* ug% 236* ug% Vol62 colorimetry
Table 2.3c: Review of elemental concentrations of plasma from subjects with and without heart
disease.
CHD = heart disease
Hy hypertensive
A atherosclerosis
MI myocardial infarctionug% = UgperlOOg
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3.1 Introduction
The most common source of neutrons for neutron activation analysis is a nuclear fission 
reactor due to the availability of high neutron fluxes. The neutron spectrum is comprised of 
three main energy categories, fast neutrons (> 2 MeV), epithermal neutrons (2 MeV-leV) and 
thermal neutrons (<leV). Instrumental Neutron Activation Analysis (INAA) can make use of 
the whole neutron energy spectrum but often a paiticular category of neutrons is selected to 
optimise the differences in activation cross sections between interfering nuclei and elements 
of interest. Neutrons produced by ejection from nuclei in the reactor fuel are called fast 
neutrons and have yet to take part in any collisions. Inelastic and elastic collisions with the 
moderator inside the reactor cause the fast neutrons to lose energy and slow down. Assuming 
negligible neutron leakage and absorption by the medium, the epithermal neutron energy 
distribution varies as 1/E. Taking into account a factor a  dependent on the moderator and the 
geometry of the system, the epithermal energy distribution is commonly found to follow a 
1/E*'^ “ distribution. Thermal neutrons are neutrons which have been slowed down by elastic 
collisions with the moderator inside and are in thermal equilibrium with it. The thermal 
neutron flux, M(E)dE, with energy between E and E+dE is described by the Maxwell- 
Boltzman energy distribution;
M{E)dE = ^ e - '^ l '^ d E  (3.1)Ej
where, Et -  /cT
T -  absolute temperature of the medium
k = Boltzman’s constant (1.3805 X 1 0 "^  ^JIC )^
The slowing down of neutrons to thermal energies greatly increases the opportunity for the 
neutron to interact with the medium, instead of passing straight through it, thus increasing the 
chance of neutron induced reactions taking place. Neutron reactions of this type often create 
secondary radiations that can be detected.
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3.2 Neutron Interactions
Neutron reactions form the basis of a number of important nuclear methods of elemental 
analysis. Neutron reactions occur when a neutron strikes a target nucleus and these reactions 
can be separated into scattering reactions and absorption reactions. When a scattering 
reaction takes place the identity of the target is unaltered but the neutron energy is reduced as 
the neutron transfers some of its energy to the nucleus in the scattering process. Neutron 
absorption reactions increase the atomic mass of the target leading to the formation of an 
excited compound nucleus. On de-excitation if the compound nucleus is unstable it will 
return to a ground state by decay processes. The mode of decay is dictated by the energy of 
the incident neutron.
Scattering reactions are responsible for the slowing down of neutrons in the reactor. Elastic 
scattering occurs when a neutron strikes a tai'get nucleus and the total the kinetic energies of 
the neutron and target nucleus are unchanged after the collision and momentum is conserved. 
This process continues until, on average, the amount of kinetic energy transferred by the 
neutron to the nuclei of the medium is equal to the amount of kinetic energy received by the 
neutron from the nuclei of the medium (thermal equilibrium). Inelastic scattering (n,n’y) 
arises when an incident neutron loses energy following collision with a tai'get nucleus and the 
lost energy is transferred to the target nucleus creating an excited state which decays by 
emission of a prompt gamma ray whilst momentum is conserved. For inelastic scattering to 
occur the incident neutron must supply enough energy to put the nucleus in at least its first 
excited state. So the higher the neutron energy the likelihood of this reaction occurring is 
greater. Inelastic scattering predominates for energies above -IMeV for elements of 
moderate to high mass number. Threshold energies tend to be greater for elements of low 
mass number. The threshold energy, Eth,es is given by,
M -f-m 
~Mt^hrex ~  ( 3 .2 )
where. By = energy of gamma ray photon 
M = mass of target nuclei
m = mass of neutron
Prompt disintegration describes the process where a target nucleus is transmuted to that of 
another element, which has different chemical properties to the target nucleus. Following
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neutron absorption a charged particle is released. Usually an (n,p) reaction takes place but 
other (n,d), (n, a), and (n,^He) reactions can occur. These reactions typically have energy 
thresholds requiring the incident neutron to be sufficiently energetic to initiate the process, 
and the charged particle also needs enough energy to overcome the Coulomb potential barrier 
and be emitted. As a result of these energy requirements it is most common for fast neutrons 
to cause this reaction although there are exceptions e.g. ^®B(n,a) and ^Li (n,ot) where these 
reactions have high cross-sections at thermal energies. Generally the low reaction cross 
section means that the production of the translated nucleus is small however in a high fast 
neutron flux they can be analytically useful.
Neutron capture (n,y) is the most probable reaction following thermal neutron interaction 
because the radiative capture cross section is generally proportional to 1 /v meaning that it 
predominates at low energies. A compound nucleus is formed when a thermal neutron gets 
absorbed by a target nucleus and then de-excites by emitting a prompt gamma-ray (<1 0 '*'^ s).
\n+^X =» [ f • X l (3.3)
However the increase in the neutron to proton ratio in the product nucleus may have rendered 
the nucleus unstable and therefore preferential decay by P' emission generally talces place. If 
p- decay results in an excited state then gamma-rays may be emitted to de-excite the nucleus 
to its ground state.
A+]
Z+Î ^  (3.4)
3.3 Principles of Instrumental Neutron Activation Analysis
Instrumental Neutron Activation Analysis (INAA) is a powerful quantitative method of 
elemental analysis. Following exposure of a material to the thermal neutron flux inside a 
reactor, neutron capture induces unstable nuclides which during decay emit delayed y-rays 
that can be detected. Not all nuclides produced by INAA are unstable and therefore may not 
emit y-rays. The delayed y-rays emitted are detected and recorded as an energy spectrum, see 
figure 3.1. The spectrum produced as a result of the decay shows a series of peaks 
characteristic of the particular nuclei and therefore elements present in the sample and the
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peak areas are representative of the concentrations of the elements in the material. For INAA 
to be possible the elements of interest must have a favourable neutron capture cross-section 
and be present in sufficient quantities. Once activated at least one y-ray must be emitted with 
a suitable half-life for the particular detection set-up.
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Figure 3.1: Short irradiation INAA spectrum of a whole blood sample.
(Irradiation time 5min, waiting 2min, counting 5min)
INAA is a multi-elemental technique capable of simultaneously determining elements present 
at major as well as trace levels. It is therefore ideal for examining samples composed of a 
range of elements, of varying concentrations. Neutrons penetrate deep into the sample 
without significant attenuation, so the whole mass of the sample is analysed by INAA. 
Depending on the preferred method of preparation INAA techniques are non-destructive and 
therefore the sample can be preserved in its original state. In reality however, some radiation 
damage may occur or the samples may be irrepaiably damaged during the preparation. 
Samples can be analysed in liquid, solid or powder form.
Unlike other elemental evaluation techniques such as Radiochemical Neutron Activation 
Analysis (RNAA) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) no 
separation processes or manipulations are required for INAA after irradiation, thus saving 
time and labour whilst decreasing the opportunity for elemental losses or contamination. In
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general samples for INAA require minimal preparation before analysis thus reducing sources 
of contamination. It may also mean that the samples can be counted sooner and so they will 
have decayed less. Where INAA facilities have automated irradiation systems for short 
irradiation, sample processing can be rapid.
As with all experimental techniques there are some limitations to the application of the 
method. Some elements (e.g. Li) cannot be detected because they do not produce suitable 
radionuclides, or their reaction cross-sections are very small and half-lives very long. INAA 
does not provide any information on the chemical or physical state of the element. If the 
product of neutron capture is a stable isotope, or is not a y-ray emitter, then generally it cannot 
be detected by NAA unless it is separated. When the resultant nuclei are separated and 
prepared as thin layers then, for example, a-particles can be detected. Elements with 
extremely short or extremely long half-lives cannot be measured with NAA. Radionuclides 
with long half lives result in the whole analysis procedure taking several weeks. Obviously 
very specific facilities are necessary, in this case a reactor, and therefore can be a relatively 
costly technique and is not readily available to everyone. Long irradiations may be 
particulai'ly expensive when only relatively low flux reactors are available requiring that 
samples to be irradiated for periods of days or weeks in order to induce measurable quantities 
of radioactivity in the isotopes of interest.
3.4 The Activation Equation
Neutron activation analysis uses thermal neutrons as analytical probes to investigate elemental 
composition of materials. This is achieved by creating radioactive nuclides from stable parent 
nuclei within the sample. Parent nuclides are identified and the quantity of radionuclide they 
produce is relative to the amount of that parent nuclide in the sample.
Within a sample the number of target nuclei (N a) of an isotope of an element X of mass 
m is equal to:
(3.5)M
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where, N a v  = Avogadro’s number (6.022169x10^^ mol'*)
/  = fractional abundance
M  = atomic mass
Not all neutrons will react with all nuclei in a sample, there is a probability of interaction 
dependent on the reaction cross section. The total reaction rate, R, at which target nuclei 
interact with a cross section crwhen exposed to a thermal neutron flux, (J), is given by,
R = (!)gN^ (3.6)
If a radionuclide is produced in the process, this will start to decay as soon as it is formed. 
The activity of this nucleus, formed on neutron capture, will be ; where X is the decay 
constant of radionuclide N a+i.
The rate of production of X and hence the growth in activity of the radioactive isotope is 
equal to the difference between the rate of formation and the rate of decay. Hence the rate of 
production of the radionuclide for element A+1 is given by.
= (3.7)
Following activation for a time h the activity of the isotope is found by integrating the 
previous equation to give.
And since the activity at the end of the irradiation. Ai = A,Na+i
Al = (!)o n J ^  -  ) (3.9)
Activity is usually measured at the end of time tw, a waiting period following the irradiation. 
The activity of at the end of the waiting time tw is:
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A;. = (3.10)
and the activity at the end of the counting time, tc is equal to:
(3.11)
Therefore the number of nuclei produced taking into consideration decay during waiting and 
counting time is:
^A+i (Av “  A-) (3.12)
Therefore:
(3.13)
The detector response (the number of full energy photopeak counts will be dependent on the 
branching ratio for the delayed gamma-ray of interest (ly) and the absolute detector efficiency 
(By) at that energy. Therefore the detector response is equal to:
D = (l -  ) (3.14)
3.5 Imperial College Irradiation Facility
Imperial College’s Consort II reactor is a lOOkW swimming pool reactor that uses enriched 
uranium (80% ^^ ^U) as fuel and light water as a moderator and coolant. Twenty-four fuel 
elements in the reactor core contain the to initiate fission. Four vertical control rods are 
positioned between the fuel elements to control the fission process. The biological shield of 
the reactor is in the main concrete. Vaiious irradiation systems are available at Imperial 
College involving exposure to different neutron fluxes.
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3.6 Short Irradiation
Three pneumatic systems for short irradiation are available at Imperial College’s Reactor 
facility; the cyclic activation system (CAS), the in core irradiation system (ICIS) and an 
automated large volume irradiation system (ALVIS). These facilities allow close control of 
irradiation conditions for the production of short and intermediate lived nuclides. CAS is an
automated system where samples are pneumatically fed into and out of the reactor one at a 
time for a very short time (transfer time into and out of the reactor is about 200ms). They are 
automatically counted and the spectra saved to a computer. Radionuclides that can be 
determined using CAS include ^^Al and ^^ ^Dy. This method of irradiation has both potential 
advantages and disadvantages in that it can operate independently of any further interference 
once the process has been initiated. However this does mean that there is no opportunity to 
transfer samples into clean containers for counting which will add to the background spectrum 
for each sample and so demands the irradiation of blank container to be taken into account.
During this research ICIS and ALVIS were employed. ICIS and ALVIS use a pneumatic 
system to take the samples into and out of the reactor but do not automatically place the 
sample on the detector and so it is possible to transfer samples to clean containers before 
counting if conditions demand it. The Ge detector used to collect the y-ray spectra is set up to 
have the same clock time as the reactor and therefore the sample carousel, upon which the 
irradiated samples are placed for counting on the detector, of the detector can work 
automatically whilst still allowing time for samples to be transferred to new containers before 
counting.
3.7 Long Irradiations
Long irradiation samples are placed in individual polyethylene capsules which are then 
stacked in polyethylene core tubes in batches of 13, including reference materials and blanks, 
if required. The position of each capsule inside the core tube is noted for flux monitoring 
purposes. A thin length of Zr wire is placed along the length of the core tube to be used as a 
flux monitor for normalisation of flux between the different positions of the container. After 
irradiation the Zr wire is sectioned and counted. Knowing which portion of wire was next to 
which sample enables monitoring of flux variations along the length of the core tube.
29
Chapter 3: Instrumental Neutron Activation A nalysis
3.8 Flux Variations
When long irradiation is carried out the neutron flux will vary vertically and horizontally 
along the sample tube and from one position inside the reactor to another. For this reason, if 
possible, the position in the reactor should be kept constant for successive samples in a 
particular' research study. Flux monitors are used to eliminate the changes in flux with the 
sample holder. Zr is a good flux monitor because it has two isotopes and so epithermal and
thermal neutron flux ratios can be determined. ^^Zr emits y-rays at 724keV and 757keV, with 
a half-life of 65 days and 89Zr emits y-rays at 909keV with a 78 hour half-life. Zr wire is 
ideal for many experimental conditions because it can be cut to the required length and as it is 
thin self-shielding effects are minimised and it takes up hardly any space inside the sample 
holder. Also by using high purity Zr spectral interference from other elements is decreased.
3.9 Irradiation Schedule Considerations
When planning an irradiation the half-life of the nuclides of interest is extremely important as 
it determines the growth rate of the activity as well as its rate of decay. Activity growth is 
inversely proportional to the half-life, therefore short-lived activity reaches saturation quicker 
than long-lived. Knowledge of the half-life of an element plus the irradiation, waiting and 
counting times can be selected to favour a certain radionuclide [Figure 3.2].
Saturation
tj = iiTadiation time 
tw = waiting time 
tc = counting time
■> time
Figure 3.2: hradiation growth curve.
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Optimum irradiation time for a particular element can be estimated such that, ti = tc = I.8 T1/2 . 
If a wide range of elements are of interest varying irradiation schedules may be needed. For 
example normal concentrations of Cu in blood samples can be difficult to detect by short 
irradiation of a matter of minutes, unlike Mg, Na, Cl and so on. The number of irradiation 
schedules carried out may also be restricted by the amount of sample available, although re- 
iiTadiation may be an option as long as a record is kept of the irradiation history and 
corrections performed. Depending on the neutron energy spectmm, interference is likely to
occur when elements are produced by more than one reaction, for example of ^^Al can be 
produced from the following reactions;
27Al + n Al + 7
28Si + n —^ ^^Al + p 
+ n -> ®^A1 + a
However, since both ^^Si (n,p) and (n,d) are threshold reactions with small cross-sections 
and are not produced by thermal neutrons, a well thermalised neutron flux will eliminate these 
interferences. Another consideration can be examined looking at the y-rays produced by Mg 
and Mn.
Isotope Production Main energies KeV (intensity)
^^ Mg
^^ Mn
^^Mg(n, y) 
^^ Mn(n, y)
844.0 (70), 1014.1 (30)
846.9 (70), 1810.7 (20), 2112.8 (10)
Table 3.1: Delayed gamma ray energies produced by Mg and ^^Mn56,
Spectral interference can occur when two radionuclides emit y-rays of the same or similar 
energy, such as ^^Mn having an energy of 846.8keV and ^^Mg having an energy of 843.8keV, 
particularly if the Ge detector has poor resolution. These problems can usually be solved by 
using a high resolution germanium detector to measure the y-rays as well as choosing suitable 
decay and counting times. As reassurance of identifying the radionuclide correctly other 
photopeak energies for that element should be found elsewhere in the spectrum if they exist, 
even if they are lower in intensity than the interfering peaks as is the case for ^^Mn and ^^Mg.
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When carrying out long irradiations the high activity of short lived radionuclides can obscure 
some of the longer-lived radionuclides of interest if recorded soon after irradiation. By 
recording the spectra of several waiting times after irradiation longer radionuclides are often 
detected and sensitivity for these improved. For example, in a biological matrix Na is often 
dominant and masks other elements so by recounting the sample, which has been irradiated 
for a longtime (2-3 weeks), after several days waiting time the "^^ Na (15h) will decay 
sufficiently so that radionuclides such as ^^Se can be measured in the spectrum. Ultimately 
money is always the deciding factor, in which case it may be possible to select isotopes with a 
short half-life to minimise the time in the reactor and hence the cost of the analysis.
3.10 Gamma-ray Detection
Gamma rays in high resolution y-ray spectrometry are generally detected using Ge detectors 
due to their superior energy resolution and hence good separation of adjacent y-ray lines as 
well as good peak-to-Compton ratio in order to detect weak y-ray sources. For this work 
lithium-drifted germanium detectors, Ge(Li), were used for detection of y-rays and their linear 
calibration of y-ray energy versus channel number of the pulse-height analysis is excellent, 
giving a correlation coefficient of R^:^l for identification of y-ray lines. The good energy 
resolution of Ge detectors can be attributed to the small amount of energy required to generate 
a pair of charge carriers in Ge. Typically 3eV is needed to generate an electron-hole pair in 
Ge and therefore a large number of charge carriers can be produced leading to a large output 
signal relative to other detectors such as scintillation detectors. Energy resolution in Ge 
detectors is usually quoted as the FWHM in keV at 1332 keV for ^°Co, which was 2.4 keV for 
this work. Detector dead time throughout all measurements was kept to less than 20% in 
order to avoid distortion of the full energy peak. In the detector crystal the y-ray is subject to 
four main interactions, photoelectric absorption, Rayleigh scattering, Compton scattering and 
pair production, explanations of which can be found in any radiation physics textbook. 
Imperfect charge collection or escaping secondary electrons and bremsstrahlung radiation can 
cause peak tailing. Ge(Li) detectors aie cooled to liquid nitrogen temperatures in order to 
reduce the thermal charge carrier generation and hence electronic noise. By cooling the 
detector the depletion layer is maintained. This is necessary because of the high mobility of 
Li ions in Ge at room temperature and therefore Ge(Li) detectors must be both operated and 
stored at liquid nitrogen temperatures. The spectrum will be affected by the background 
continuum produced from the scattering of polyenergetic gamma rays in the detector crystal
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and its surroundings. Beta particles emitted from the radioactive sample interact with the 
surroundings and emit bremsstrahlung radiation, which contributes to the background in the 
low energy region in particular. Natural background has a negligible influence on the 
background continuum so long as the detectors are well shielded. When calibrating the 
detector a standard set of y-ray sources should be selected with a range of energies to cover as, 
fai' as possible, the y-ray energy lines of interest.
3.11 Gamma-ray Attenuation
Attenuation may be an important consideration in y-ray spectroscopy when large samples aie 
irradiated and low energy y-rays or x-rays are detected, as it refers to those photons which 
have been absorbed or scattered by a sample and as a result are not recorded by the detector. 
However the masses of the samples in this work were small and the y-rays detected relatively 
high in energy, therefore requiring no correction. In addition since the comparative method 
has been used (see below) for determination of elemental concentration where reference 
materials of the same matrix composition as the sample are used, this factor is taken into 
account.
3.12 Sensitivity
The detection limit is the level at which a particular y-ray energy intensity can be detected 
over the background present. So when detection limits are low then sensitivity is increased. 
Trace elements can be difficult to detect in certain matrices due to the complexity of gamma 
spectra, Compton scattering or masking effects due to bremsstrahlung radiation from beta 
emitting radionuclides such as which are present at high levels in biological samples. 
Compton scattering by major elements can result in a poor signal to noise ratio at low 
energies, hence making low energy peaks harder to detect. Usually optimal elemental 
sensitivity is achieved by caieful selection of irradiation counting and decay times.
3.13 Determination of Elemental Concentration
Valions methods can be used to calculate the concentrations of elements detected in a 
particular sample. Comparative analysis has been employed in this thesis for both INAA and 
PIXE analysis. Comparative analysis requires the use of standards either in the form of an
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internal standard, where the material is spiked with one or more elements of known 
concentration, or in the form of a standard reference material. Organisations such as the 
International Atomic Energy Authority (IAEA) and the National Institute of Standards and 
Technology (NIST) produce multi-element standard reference materials (SRMs) with certified 
concentrations for major, minor and trace elements. Further information concerning 
suitability of SRMs is discussed in chapter 5 on sample collection and preparation. Samples 
and reference materials are then irradiated and counted under the same conditions. If these 
conditions are satisfied then the comparator method can be used to find the unknown 
concentrations in the samples as shown:
^ sam ple ~  ^ rm Ds\J^rm (3.16)
W  h e r e , c s a m p le
unknown concentration of the element of interest in the 
sample
Crm = known concentration of the element in the reference material 
_ detector response for the full energy photopeak of the y-ray 
of interest in the sample
detector response for the full energy photopeak of the y-ray 
of interest in the reference materialDrm —
The comparative method removes a lot of uncertainties present in some of the other methods 
for determining elemental concentration, such as detector efficiency and attenuation 
coefficients. Detector solid angle does not need to be measured so long as the sample and 
standard aie kept under the same experimental geometry. The comparator method does not 
require knowledge of the reaction cross section, neutron flux, decay constants, branching 
ratios and the absolute full energy photopeak detector efficiency at the y-ray energy of 
interest, as these effectively cancel out.
Other methods can be used to calculate unknown concentrations including the single 
comparator method and the absolute method. The single comparator method calculates 
elemental concentrations relative to a single element or monostandard. Careful selection of 
an appropriate single comparator for the chosen irradiation schedule, be it long or short, is 
vital. Long irradiations which use Zr wire as a flux monitor could also use the Zr as a single 
comparator. Using the single comparator method, the mass w of an element can be found by:
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D Mw = -----------  (3.17)
where, Dp = detector response for detected radionuclide 
A = decay constant
M -  atomic weight of irradiated element
N a v  = Avogadro’s number
/  = fractional isotopic abundance of target nuclide
<j = neutron activation cross section
^ = neutron flux
€p = absolute full-energy peak detection efficiency
I  = X-ray intensity
S = saturation factor = 1-e'^  ^(h = irradiation time)
D = decay factor = e'^ ^^  (ta = decay time)
C = counting factor = 1-e'^ ^™ (tm = measurement time)
Simultaneous irradiation of a flux monitor (denoted by *) allows determination of the neutron 
flux as follows:
 ^“  N ^ y W f ' f a ' e ' S ' D ' c '
Substituting for the flux from equation 3.18 into equation 3.17 the mass of the unknown 
element can be determined:
Using nucleai' data k can be calculated with equation 3.20 below.
~ M 'X r ia e „
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The absolute method can be used with INAA to find out the mass w of the target atom as 
follows;
DAMw =
(parameters as previously defined)
The absolute method does not require the use of a comparator. Calculations and knowledge 
of nuclear parameters can make the absolute method less accurate than the comparative 
method [Gir64]. Although knowledge and accuracy of nuclear parameters has improved since 
first proposed, errors in determination of mass of an element in a sample using the absolute 
method remain relatively high (>1 0 %).
3.14 Computer Analysis of y-ray Spectra
Following irradiation by neutrons delayed y-ray are emitted from the sample. An energy 
spectrum is produced where each full energy photopeak is determined from the amount of 
energy deposited in the detector. Peaks that appear in the spectrum ‘sit’ on a background 
continuum. The background continuum may make it hard to distinguish low intensity and 
low energy peaks and also to define the point at which detection limits are set. In other 
words, when is a peak a full energy photopeak and not a statistical fluctuation of the 
background. Sample irradiation often produces complex spectra due to the multielemental 
nature of the material and this makes manual analysis in the determination of full energy 
photopeak areas impracticable, so computer software is used. Various spectra analysis 
packages aie available but the essence of the process is the same. The aim is to identify peaks 
and calculate the full energy photopeak area after the background continuum has been 
considered, which can then be used to determine the concentration of a given element within 
the sample volume. Characterisation of the detector can be carried out using a ^^ ^Eu source, 
since a wide range of y-ray energies are produced in its decay. Characterisation defines the 
relationship between channel number of the pulse height analysis and y-ray energy, FWHM of 
a peak and its energy, the count rate and activity of the standard source in Bq. This reference 
spectrum is then used by the analysis package to determine shaping parameters for unknown 
sources. Peak fitting is carried out using these spectrum shaping parameters.
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A peak search is performed to locate peaks in the spectrum and fit the data. Peak areas are 
generally calculated by fitting a Gaussian to the data using a least squares fit. Peaks are 
identified using nuclide libraries contained within the software. Finally the analysis program 
produces a peak report detailing the background, net area, counting uncertainty, FWHM and 
net count rate. A polynomial function is used to approximate the background continuum 
under the photopeak. A spectrum is produced which superimposes a series of peaks on a 
background continuum. The detected signal (S) is found by subtracting the background 
counts (B) from the total number of counts under the photopeak of interest (T) [Figure 3.4].
o.
Channel number
Figure 3.4: Schematic detector response to a full-energy photopeak
Limits of the peak are defined from the statistically significant change in the channel contents 
on the low and high energy sides of the peak or the Full Width Tenth Maximum (FWTM). 
Small peaks can be difficult to label as true peaks since they are not easily distinguished from 
the background, in which case the significance of the peak can be defined in relation to the 
background, such that if S > fB*^  ^ [Spy74].
where, f = confidence level
for example for f = 1, 2, 3 the levels of confidence are 68.3%, 95.45 % and 99.73%
respectively
Relative errors on peaks were found.
T = S  + B
S = T - B ± y l T  + B
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S = T - B ± J s  + 2B
4 s T 2Brelative error, precision = S
where, S = the detected signal
B = the background counts
T = the total number of counts under the photopeak of interest
Once the peak boundary is defined the background is calculated for the low and high energy 
side of the peak. This is achieved by averaging the channel contents from the centroid 
channel to the channel which is three times the FWHM above and then below the centroid 
channel. The background underneath the peak is then assumed to follow a straight line 
between the two boundaries of the peak.
When two or more gamma rays aie detected at the same time, it is called coincidence 
detection, since the time period in which the two gamma rays deposit their energy is shorter 
than the response time of the detector. Coincidence events can cause an additional pealc in the 
output spectrum known as a sum peak. Sum peaks have a pulse height corresponding to the 
sum of the individual gamma-ray energies. It is vital to define sum peaks so that they are not 
mistaken for full-energy photopeaks of an unrelated nuclide.
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4.1 Introduction
Proton induced X-ray emission (PIXE) is an analytical tool used to determine the elemental 
composition of a sample. Target atoms in the sample are bombarded with an ion beam, in this 
case 1.6 MeV protons from a Van de Graaff accelerator in the University of Surrey’s Ion Beam 
Analysis Centre. The collision of a proton with the bound electron in an inner shell of the target 
atom causes the ejection of the electron and the target atom to become ionised. This creates an 
inner shell vacancy which can be filled by an outer electron as the atom de-excites ( 1 0 '* s^) and is 
accompanied by emission of a characteristic x-ray [Fig 4.1]. The energy of the liberated x-ray is 
equal to the difference between the initial and final energy states.
Target atom
Incident
proton
Recoil
protonElectron
ejected
Outer \  
electron
Characteristic
X-ray
Figure 4.1: Proton induced x-ray emission.
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PEKE produces a series of X-rays which are characteristic of the elements in the target material 
and whose intensity is proportional to the concentration of these elements. The photon spectrum 
is recorded by a low energy photon Si(Li) detector and displayed as an X-ray spectrum consisting 
of discrete peaks on a background continuum. Figure 4.2 shows an X-ray spectrum obtained 
from Bowen’s Kale using a 1.6 MeV proton beam. When a spectrum contains elements close in 
atomic number overlapping peaks can result. Individual elements can be distinguished with 
reference to their X-ray energies and relative intensities which can be found in numerous 
publications [Joh8 8 ].
8000-1 Ca
7000 -
600 0 -
500 0 -
4000 -
300 0 -
2 0 0 0 - CaKp
1000 -
Energy (keV)
35-1
3 0 -
2 5 -
2 0 -
1 5 -
10 -
24
Energy (keV)
Figure 4.2: FIXE spectrum from Bowen’s Kale
showing two energy ranges and magnitude of counts.
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The Bohr theory of the atom organises orbital electrons into shells of progressively decreasing 
binding energy. Each of these shells is characterised by n, the principal quantum number taking 
the value 1 ,2 ,3 etc corresponding to the K, L, M shell and so on, an orbital angular momentum 
quantum number 1 and a total angular momentum number j. Figure 4.3 shows some of the 
transitions for the K and L series X-rays. Electron transitions between shells are governed by the 
selection rules, A1 = ±1 and Aj = ±1 or 0. An X-ray produced as a result of a K-shell vacancy is 
called a K series X-ray, a vacancy in the L-shell results in an L series X-ray and this rule follows 
for other shells. Should the K series X-ray result from an electron transition from the L shell it is 
referred to as the Ka line, if the electron comes from the M shell then it is a Kp X-ray and so on. 
Competing with X-ray fluorescence is Auger emission, as shown in Figure 4.4. Following the 
creation of an inner shell vacancy an outer electron, or Auger electron, is emitted whose energy is 
equal to the difference between the two energy states minus the binding energy of the Auger 
electron. X-ray and Auger emission can occur together or separately. Apart from the K-shell all 
electron shells are subdivided. Coster-Kronig are radiationless transitions that occur between 
subshells of the same principal quantum number moving a vacancy to a higher subshell before 
being removed by an intershell transition.
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n 1 j
5 1 3/2 0„i 
5 1 1/2 0„  
5 0 1/2 O,
4 3 7/2 Nv 
4 3 5/2 Nvi
4 2 5/2 Nv 
4 2 3/2 Niv 
4 1 3/2 N,„ 
4 1 1/2 N„ 
4 0 1/2 Nt
3 2 5/2 My 
3 2 3/2 Miv 
3 1 3/2 M„i 
3 1 1/2 Mn 
3 1 1/2 M,
2 1 3/2 L„i 
2 1 1/2 L„
2 0 1/2 Li
1 0 1/2 K \|/ \|/\|/ \|/ \|/ \1/ \|/ \|/ (1/ \|/
Y
L-Series
J
(%] OC2 3l P2 P3 p4
~v------K-Series
Figure 4.3: Some K and L series transitions
4.2 Principles of FIXE Analysis
PIXE analysis is a rapid, simultaneous, multielemental technique providing detailed information 
about the concentration of elements in a sample. The procedure is nominally non-destructive and 
therefore allows for possible re-analysis and preservation of samples. There is no need for 
chemical separation. Only a small sample is required for analysis, making it a suitable method 
for limited or precious samples, such as biopsies. Scanning of the proton beam across the 
material being examined can provide information on the distribution of the elements within a 
material and this can be achieved down to the level of individual cells if sufficient beam focusing 
is available. The X-ray region most appropriate to PIXE is 1-40 keV so all elements above Na 
(z=ll) can be detected using PIXE. Detection limits for PIXE are superior to those obtained 
using Scanning Electron Microscopy (SEM) due to the reduced bremsstrahlung resulting from 
the deceleration of protons in the vicinity of the nucleus and hence improved signal to noise ratio. 
The bremsstrahlung yield is proportional to 1/myp^  where myp is the mass of the charged particle.
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However since secondary electrons are also ejected the improvement in signal to noise ratio in 
going from proton to electron beam is not as large as the ratio of their masses squared. The 
biggest draw back with PIXE is the limited number of places with the laboratories and equipment 
required.
4.3 Fluorescence Yield
Fluorescence yield is defined as the number of inner shell vacancies which result in X-ray 
emission, as opposed to Auger electron emission. Strictly speaking the definition refers to 
primary vacancies and therefore in shells other than the K-shell where Coster-Kronig transitions 
can arise the position of the primary vacancy may change and complicate matters. Figure 4.4 
shows the fluorescence and Auger yield for the K shell [Kra79],
i 0.6  -
0 .4  -
0.2 -
0.0
0 20 4 0 6 0 8 0 100 120
fluorescence
yield
Auger yield
A tom ic number (Z)
Figure 4.4: K shell fluorescence and Auger yield redrawn from [Kra79]
The fluorescence yield {co) can be expressed as the ratio of the X-ray production cross-section 
(cr^ ) to the ionisation cross-section (o;),
60 =
C7; OLl)
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Ionisation cross-section is the probability that inner shell ionisation will occur leaving a vacancy. 
Fluorescence yield co can be calculated by:
I -CO; i=0
04.2)
where, Z = atomic number
coi = fluorescence yield for K or L shell
Bi = fitted coefficients given in table 4.1
K L
Bo ( 3 . 7 0 + 0 . 5 2 )  X 10-2 0 . 1 7 7 6 5
Bi ( 3 .1 1 2 + 0 . 0 4 4 )  X 10-2 2 . 9 8 9 3 7  X 10-^
B 2 ( 5 . 4 4 ± 0 . 1 1 ) x l 0 - ^ 8 . 9 1 2 9 7  X 10"^
B3 - ( 1 . 2 5 + 0 . 0 7 )  X ICfG - 2 . 6 7 1 8 4  X 10-^
Table 4.1: Coefficients for determination of K and L shell fluorescence yields [Bam72].
Fluorescence yield in the L-shell is more complicated due to the potential for Coster-Kronig 
transitions and so the yield equation becomes:
CO, Z(Z,1) + X(L2) + %(L3)«1 + ^ 2 + Mg
where, col = L-shell fluorescence yield
X(L1), X(L2), X(L3) are the yields of L X-rays from the L sub-shells LI, L2 and L3. 
n represents the initial vacancy distribution in the L subshell.
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4.4 Sources of Background Radiation
Elements detected by PIXE are displayed as distinct full energy photopeaks emerging above a 
background continuum. This background radiation is caused by primary bremsstrahlung, 
secondary bremsstrahlung, Compton scattered photon radiation, charge build-up and 
environmental sources. Minimising the background radiation improves the signal to noise ratio 
and hence the minimum detection limit is improved. Problems from charge build-up contributing 
to the background are discussed later. Environmental radiation is unlikely to affect the 
background significantly and the beam line is well shielded as an extra precaution. Nuclear 
reactions in the target result in the emission of gamma rays which undergo Compton scattering 
and may contribute a low energy photon continuum to the background. When particle energies 
are in the range 3-5 MeV, then for elements Z>30 gamma emission contributes a significant 
amount to background, so for this work it is not a major factor [Fol74]. Bremsstrahlung is the 
major cause of background with secondary bremsstrahlung dominating at low energies and 
primai y bremsstrahlung dominating at the high energy end of the spectrum, details are given in a 
paper by Folkmann [Fol74]. When a proton beam enters a target material it is decelerated by the 
Coulomb field of the nuclei in the target resulting in the emission of primary bremsstrahlung 
photons which are distributed from zero to the maximum projectile energy. The cross section for 
primary bremsstrahlung is determined by.
2 ^ 2dfj p^m ^p  Zm
J
Ck4)
where, Ap, Am = mass of incident proton, matrix atom
Ep, Ex -  energy of incident proton, emitted photon 
Zp, Z,n = atomic number of proton, matrix atom
C = slowly varying factor dependent on Zp, Zm and Ep
At low energies the main contribution to background originates from secondary electron emission 
from target atoms that are then decelerated by the target matrix. The maximum energy (Tm) that 
can be transferred from an incident proton to an electron is.
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Tm (4.5)(m + M)
where, M  = mass of incident proton 
m = mass of electron
E -  beam energy
Secondary bremsstrahlung can be reduced by placing radiation detectors at an angle greater than 
90° to the proton beam as the background contribution decreases beyond this angle since 
secondary bremsstrahlung distribution is anisotropic. Bremsstrahlung can also be minimised by 
reducing sample thickness and hence stopping power, so that more secondary electrons will leave 
the sample and do not add to the bremsstrahlung radiation background.
4.5 Stopping Power
When a proton beam travels through a medium it undergoes inelastic interactions with the bound 
atomic electrons in the material and hence experiences a loss in energy. The mass stopping 
power S(E) describes the energy loss of the proton expressed per unit mass thickness of the target 
matrix.
S(b ) = - ^  (4.6)p  dx
where, —  = energy lost per unit distance travelled in the sample (lineai- stopping power) dx
X-rays are attenuated by the matrix of the material from which they originate. As a proton 
travels through a sample both its cross section and energy decrease, so X-ray emission is greatest 
close to the surface of the material. Attenuation of X-rays in the material add to the effects.
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4.6 Sample Thickness
In PIXE analysis three categories, thin, intermediate and thick, define sample thickness, 
characterised according to proton stopping power and X-ray attenuation. Thin samples refer to 
those in which the proton beam loses negligible energy in the sample and X-rays exit the sample 
with negligible attenuation. Advantages of thin samples include reduced bremsstrahlung and no 
correction for self absorption of X-rays by the sample. However thin specimens may contain 
insufficient elemental masses and result in diminished X-ray detection; also backing materials 
can contribute to the X-ray signal obtained [RusSl], Depending on sample thickness and 
composition, proton stopping and X-ray attenuation are likely to occur to varying degrees. X-ray 
yield in specimens of intermediate thickness experience effects due to the ionisation cross section 
variations across the proton energy range. For all the work involved for this thesis thick samples 
were employed. Thick samples completely stop the proton beam so the sample thickness is 
several times the range of the proton beam in the target. Relatively simple processes, such as 
pelletisation of powder, are required for the preparation of thick target samples for PIXE analysis 
thus saving time and effort for the experimenter. The greatest disadvantage of this technique is 
that the ionisation cross section and stopping power have to be taken from data tables and cannot 
be analytically determined.
4.7 The Van de Graaff Beam Line
The University of Surrey Van de Graaff accelerator produces ions in the range of 500keV-2MeV. 
For elemental analysis of biological materials 2MeV is ideal. However 1.6MeV was the closest 
available energy at the period of time that this work was carried out due to the age of the 
accelerator (>40y) and its stability. The beam line was not able to maintain a vacuum and the 
proton beam was deflected when the energy rose beyond 1.6 MeV. A new ion beam analysis 
facility is being installed (August-December 2001) to replace this system funded by an EPSRC 
grant. Protons from the Van de Graaff are directed down the desired beam line by a switching 
magnet. Beam line 5 was used for all work in this thesis. Valions sections along the length of 
the beam line aid control of the beam ensuring it remains parallel and of uniform intensity 
[Figure 4.5]. Horizontal and vertical steering plates guide the beam into the target chamber at the 
end of line 5. Adjustment of the voltage applied to the steering plates allows a maximum beam 
current to be observed in the target chamber. Deflection of the beam is monitored by a pair of
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control slits close to the switching magnet. These slits can detect slight changes in the beam 
current indicating a change in the energy of the beam. Should this happen a feedback signal from 
the control slits causes the switching magnets to alter the deflection of the beam thereby 
stabilising the energy of the beam. Close to the sample chamber quadrupole magnets were used 
to focus the beam. The quadrupole magnets consist of four lenses each with four alternating 
north south poles. In microPIXE these are used to focus the beam diameter and in the case of 
larger beams they create a uniform beam and minimise the risk of sample damage resulting from 
bot spots’.
Size and shape of the beam can be monitored visually using quartz viewers that fluoresce when 
moved into the path of the beam. For this work the central region of the Gaussian beam was 
defined by a 200pm aperture positioned in the path of the beam. A non-collimated beam would 
cause low energy tailing of the beam and worsen the energy resolution. The beam line is held 
under vacuum, at approximately lO'  ^T, to reduce the scattering of protons by air molecules, 
which can degrade the resolution. Along the beam line the vacuum is controlled at two points, an 
automatic gate valve at the start of the beam line and a manual gate valve prior to the target 
chamber. The manual gate valve is extremely important as it allows the beam line to be kept 
under a vacuum whilst the target chamber is brought up to atmospheric pressure so that sample 
plates can be changed.
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Figure 4.5: Schematic diagram of the Van de Graaff and beam line.
49
Chapter 4: Proton Induced X-ray Emission (PIXE) Analysis
4.8 Beam Scanning
Position and speed of the beam scan across the sample was set up at the start of each new 
experimental session. Beam scanning was set to start from zero in both the x and y directions. 
Maximum beam deflection in either direction is about 2mm, since 1 pixel is about 0.5pm, the 
beam can be moved across 4096 pixels in the x and y directions. Memory restrictions allowed 
data collection from 128 by 128 pixels, so the beam was set up to progress across each sample 
pellet in steps of 32 pixels (=4096/128). Dwell time, the time the beam was stationary on each 
pixel, was set to 1, equivalent to 64ps. Pellets used for this work were 7mm in diameter which 
meant that there was ample surface area for positioning the beam scan in the centre of the sample. 
Scanning was stopped manually once sufficient charge had been collected.
4.9 Target Chamber
The tai-get chamber is encased in an aluminium compartment at the end of the beam line. The 
target chamber and detector component materials are designed to minimise their contribution to 
spurious signals in the detector, which would decrease the sensitivity of the system. A1 (z=13) is 
a suitable material as any low energy aluminium X-rays will be filtered from the sample spectrum 
by the thin beryllium window on the detector. Two detectors protrude into the tai'get chamber, a 
Si(Li) detector to measure the X-ray production and a surface barrier (SB) detector to measure 
the Rutherford backscattered particles in order to allow simultaneous collection of both. The 
Si(Li) is positioned at an angle of 145° to the proton beam, improving detection limits as at such 
backward angles the background contribution from bremsstrahlung is reduced to half its 
maximum value. For the SB detector an angle of 165° to the beam was chosen as the optimal 
practical angle. Given a stable beam energy, the mass resolution in RBS is a function of the 
kinematic factor, which in turn depends on the scattering angle. At 180° the greatest change in 
the kinematic factor is observed but this is an impractical position for the SB detector as it would 
obstruct the incident proton beam.
Also protruding into the target chamber is an optical microscope used for lens alignment and 
target positioning. A glass microscope slide is attached to a target plate and used for setting up 
the beam by observing its fluorescence through the microscope. Adjustment of the lens power
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supply allows the spot size to be minimised. Inside the target chamber is a goniometer upon 
which sample plates are mounted. A microscope is used to view the sample and the goniometer 
enables positioning of the sample into the line of the proton beam. Before opening the target 
chamber to change samples the target chamber had to be brought up to atmospheric pressure and 
the cold finger had to be warmed up. This process is time consuming and so the multiple sample 
plate is clearly useful. Knowledge of the incident number of particles can be found from the 
charge on the sample. It is not suitable to estimate the charge on the sample from the exposure 
time because the ion beam fluctuates and drifts in intensity. The total charge collected for each 
sample was measured by means of a current integrator attached to each plate.
4.10 Sample Charging and Heating
When thick insulating taigets (greater than the proton range in the material) are examined using 
microbeam analysis there is no leakage path for the beam current and the area of the target 
exposed to the beam charges to a high positive voltage. Electrons are accelerated towards the 
charged region and will then contribute to the background bremsstrahlung radiation. The 
insulating nature of the pelletised blood samples analysed in this work meant that charge build-up 
was a potential problem. An increase in bremsstrahlung creates worse detection limits due to the 
decreased signal to noise ratio. Periodic discharging is observed by the current indicator needle 
flicking to zero and a large background continuum on the spectra which stops suddenly when the 
potential is sufficient to break down the insulation. To minimise the problems of sample 
charging a line of colloidal graphite (Carbon Dag) was painted across the sample plate, ensuring 
that it made contact with the edges of each pellet but avoided the pellet surface which would 
contaminate the sample. This created a conducting track from the sample to the aluminium 
sample plate.
The carbon dag track serves a double purpose in that it provides a route for heat conduction away 
from the surface of the sample. When a proton is incident on a material it loses energy by 
collisions with electrons in the target matrix, known as the stopping power of the material. The 
amount of energy loss will depend on the composition of the matrix and the density of the 
material. Sample heating results from the proton beam depositing energy in the material it is 
incident upon. The scanning movement of the proton beam across the sample also reduces the
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chance of sample heating in a particular spot. There is still some debate as to whether sample 
heating results in a loss of volatile elements. Sample pellets were made to be thick enough to 
completely stop the proton beam, whilst being thin enough that heat was conducted away from 
the sample surface. The aluminium sample plate was mounted on a copper bacldng plate inside 
the goniometer. A length of copper braiding linked that copper plate to a liquid nitrogen 
reservoir, thereby cooling the samples as an additional way to minimise sample heating.
4.11 X-ray Detection
X-ray detection is achieved using a high resolution lithium drifted silicon detector, Si(Li), which 
has good efficiency over the energy range 3-20 keV. A Si(Li) detector is a reversed biased p-i-n 
device. A p-n junction is formed by drifting lithium ions into a crystal of p-type silicon thus 
creating an n-type region near the surface. The p-n junction is reverse biased. The electric field 
causes the lithium to spread into the p-type region and produces an area where the concentration 
of acceptor and donor impurities is balanced called an intrinsic region. X-rays absorbed in the 
intrinsic region lose their energy by excitation and ionisation of the absorbing atoms, producing 
electron hole pairs. Approximately 3.62 eV of energy is required to create one electron-hole pair 
in silicon at room temperature, independent of the incident X-ray energy. A high voltage is 
applied across the intrinsic region to collect the electron-hole pairs allowing measurement of the 
total charge deposited in the crystal. Collected charge is lineaiiy proportional to the energy of the 
X-ray absorbed in the detector. A preamplifier amplifies the collected charge and transmits it to 
an amplifier for further amplification and pulse shaping. The resulting pulses are sent to a 
multichannel analyser for pulse height manipulation and displayed as a spectrum. Liquid 
nitrogen cooling of Si(Li) detectors reduces thermal noise and is essential to prevent diffusion of 
lithium through the crystal. Simultaneous detection of X-rays of various energies is simple. The 
efficiency of a Si(Li) depends on X-ray energy, detector thickness and the type of entrance 
window on the detector. Typically Si(Li) detectors are 100% efficient for X-rays in the 4-30 keV 
range. A thin Be window holds the detector under a vacuum. The microscope eye piece was 
covered up during data collection because the fragile window of the Si(Li) detector allows light 
photons through that could interfere with the sample spectrum.
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Energy calibration of the Si(Li) detector showed excellent linearity. At the start of each 
experimental session an energy calibration was performed using the peaks of P, S, Cl, K, Ca, Ca 
Kp from Bowen’s Kale and Fe from IAEA Animal Blood (A-13) as shown in figure 4.6.
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Figure 4.6: Energy calibration using Bowen’s Kale and IAEA Animal Blood
4.12 Minimum Detection Limit
The limit of detection will vary according to beam energy and intensity, collected charge, 
detector resolution, element of interest and matrix composition. Detection limits will change if 
two X-rays interfere with each other. Minimum detection limit (MDL) is the smallest amount of 
an element that can be detected above background. The MDL evaluated from the counts in the 
full energy peak,
(4.7)
where, Np = number of counts in characteristic X-ray full energy photopeak 
Nb = number of background counts in corresponding interval
/  = statistical factor
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The statistical factor /  is used to evaluate how much confidence can be placed in the MDL. 
Confidence levels of 68%, 95.7%, 99.7% and 99.9% can be achieved by making f equal to 1, 2, 3 
and 3.29 respectively.
Increasing charge collection will improve the detection limit since,
MDL{counts) ^  ^no.ojbackgroundcounts (4.8)
so, MDL{counts) .yj charge (4.9)
MDL in terms of concentration - since charge is inversely proportional to concentration gives,
MDLijxg/ g ) =  ,  ^ (4.10)y] charge
4.13 Detector Resolution
Energy resolution is the ability of the Si(Li) detector to distinguish between two X-ray peaks of 
similar energy and is expressed as the full width of the energy pealc at one half of its maximum 
intensity (FWHM). Resolution varies with the energy of the X-ray so to enable comparisons the 
FWHM is usually quoted for the Mn K a peak at 5.9keV. From the graph the FWHM was found 
to be 150.5 ± 8.5 eV [Figure 4.7]. Peak broadening can arise from an uncertainty in the number 
of charges produced by an X-ray or from noise due to leakage current in the detector and noise in 
the electronics.
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Figure 4.7: FWHM vs energy using Bowen’s Kale and IAEA Animal Blood
Peak broadening deteriorates the resolution of the detector. When effects causing peak 
broadening are taken into consideration the FWHM {Wj ) is given by,
(4.11)
where, Wd = peak broadening due to statistical spread of charge carriers in the
detector
We = Peak broadening due to the electronics associated with signal
processing
Wx = peak broadening due to the detector leakage current and any
charge collection problems within the detector
The statistical spread of charge carriers in the detector is defined by,
Wj =2.35"gFE (4.12)
where, e ~ Energy required to create one electron hole pair 
E = X-ray energy
F  = Fano factor
The Poisson model predicts the total number of charge carriers created but there is an observed 
variance in this value which is accounted for by the introduction of the Fano factor. The better
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the resolution the smaller the Fano factor. By plotting a graph of energy versus Wj the Fano 
factor can be taken from the gradient of the line, which is equal to 2.35^ F s .
4.14 Data Acquisition
Data collected following ion beam analysis contains the voltage pulses from each detector and 
the scanning voltages from the deflector circuits. The energy of a detected quantum is 
proportional to its pulse height recorded by the detector and the scanning voltage gives the beam 
position at the point the quantum was emitted. This data can be utilised in several ways 
depending on the particular requirements. For this work an energy spectrum was obtained from 
which the elemental concentration of the sample can be found. The experimental spectrum is 
achieved by sorting energy pulses according to their amplitude and storing the output as a 
frequency distribution. Another capability of the technique is to produce two-dimensional maps 
of the elemental distribution within a sample, such spatial information is interesting when non- 
uniform materials are being studied. Elemental maps are generated by recording the position of 
an event due to a particular energy and therefore element of interest and displaying the location 
as corresponding pixel. During the data collection a computer was set up to display the energy 
spectrum as well as elemental maps of the target surface. Surface mapping was not of interest in 
this research as the structure of the blood cells was destroyed by the preparation process. 
However it was used as a visual aid at the point of data collection that the beam was fully 
positioned on the surface of the pellet. The X-ray spectrum produced consists of a background 
continuum upon which there are discrete peaks that represent the signal from the constituent 
atoms of the target material. Two stages of analysis follow, firstly identification of the various 
peaks followed by conversion of the counts in the peak to a value for the concentration. Pulse 
height and energy have a linear relationship and so peaks can be labelled from reference tables of 
X-ray emission lines for different elements. Peak integration, background subtraction and 
concentration calculations can be carried out manually but in the case of this thesis the automatic 
spectrum analysis package PIXAN (Clayton 1983) caiTied out these procedures. The PIXAN 
package is explained later in this chapter.
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4.15 Elemental Analysis
Various analysis methods can be used to find out about the elemental composition of the sample 
from the X-ray yield detected. Comparative analysis compares the concentration calculated from 
the X-ray yield for an element detected in the sample to the same element in a certified material. 
External standards in the form of certified standard reference materials were used for the work 
detailed in this thesis. An alternative to this is the use of an internal standard, in this case a non­
interfering element is added to the sample and concentrations are found relative this element. 
Elements suitable as an internal standard include ruthenium, yttrium and zirconium. The 
comparative method uses the X-ray yield Y to calculate the elemental concentration as given;
C V O^  ^  rm sample ^ r m   ^^  ^
sample ~  y  ^  ( 4 . 1  J )
rm ^ s a m p le
where, C = concentration (p-g/g) 
Y = X-ray yield 
Q = charge (pC)
Analysis performed using the comparative method removes uncertainties introduced by analysis 
methods that require measurement of several experimental parameters. A disadvantage of the 
comparative method is the time involved in the preparation, data collection and data analysis of 
the reference materials. The absolute method for calculating the elemental concentrations in a 
sample requires the determination of many more experimental parameters than the comparative 
method. Accurate measurement of parameters such as the detector efficiency, cross-sections and 
attenuation coefficients aie required for the absolute method, all introducing additional 
uncertainties. For thick samples, where the incident proton beam is completely stopped within 
the sample, the absolute method can be used to determine the X-ray yield Y as given by;
57
Chapter 4: Proton Induced X-ray Emission (PIXE) Analysis
where, C = concentration of element
Na -  Avogadro’s number 
M = mass number of the element
Q = total incident proton charge on the sample
e = charge on a single proton
jQ = solid angle subtended by the detector to the beam spot 
. . _ intrinsic efficiency of the detector at the specific X-ray 
energy E
ax(E) = X-ray production cross section for protons in target element 
F(E) = X-ray attenuation in the matrix given by:
F(E) = exp cos^. dE
cosé»^  j  S(ê )
(4.15)
where, S(E) = 
Er = 
Oa — 
Op = 
F =
mass stopping power of the sample matrix at proton energy E 
incident proton energy
incident angle of the proton beam (normal to the sample) 
take off angle of the X-ray (normal to the target)
X-ray mass attenuation coefficient in the sample matrix
4.16 Rutherford Backscattering
Rutherford back scattering (RBS) analysis is a technique used for this work to measure the bulk 
matrix of a material, for example C, N and O as shown in figure 4.8, by recording the energy of 
pai'ticles back scattered from a target. When an ion beam strikes a target Coulomb repulsion 
causes a fraction of the ions, in this case protons, to be elastically scattered at backward angles to 
the beam direction whilst undergoing a considerable change in energy. The back-scatter 
information is recorded by a surface barrier detector and the data is displayed as a stepped 
spectrum, where each step represents an individual element. The mass of the target nuclei 
determines in which channel the signal step is located and the height of the step is relative to the 
concentration of that element detected in the sample [Figure 4.9]. The angle of each step depends 
on the resolution and solid angle of the detector.
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Figure 4.8; RBS spectrum of Bowen’s Kale
The analysis program PIXAN uses the RBS data to correct for both the proton energy loss 
through the sample and the attenuation of the emitted X-rays. The Kinematic factor (K) 
describes the ratio of the back scattered proton energy (Ei), at an angle 6, to that of the incident 
proton energy (Eq),
(4.16)
Using the laboratory frame of reference and assuming energy and momentum are conserved 
during an elastic collision K can be calculated by:
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K =
sin^ 6 2  ^+ COS^
1+
(4.17)
where, M; = mass of incident particle 
M2 = mass of target atom
0 -  angle through which the incident particle is scattered
Elements in the target matrix can be identified by calculating M2, measuring of the back 
scattered proton energy and taking the angular position of the SB detector as 0. The Kinematic 
factor provides quantitative information of the scattering spectrum. The smaller the target mass 
the greater the change in the energy of the projectile following collision. As a result of this,
lighter elements are found in the low energy region of the spectrum and heavier elements at the
high energy end.
4.17 Scattering Cross-section
Scattering cross section is the probability of a back scattering event taking place. Knowledge of 
accurate values for the scattering cross section is essential if elemental concentrations are to be 
evaluated correctly. The intensity of the back scattered particles is given by the Rutherford 
scattering cross-section (RSC):
AE
. _4 0sm — 2 + , (4.18)
At certain energies resonance reactions are a feature of light nuclei, increasing the scattering 
cross-section. As a result of this, for elements with Z<14, the elastic scattering cross-section 
(ESC) is used and not the RSC value shown previously.
60
Chapter 4: Proton Induced X-ray Em ission (PIXE) Analysis
4.18 Matrix Concentration Determination
Information of the elemental composition of a material can be obtained from analysis of the step 
configuration produced [Figure 4.9]. The height of step Ha for an element A can be expressed as 
the ratio to step height Hb from another element B [May77]. Ratio of one element to another can 
be found using equation;
m  H  ^  O'g {Eq ) [ f  q ]
w H gO^ {Eq )[eq ]ABB
(4.19)
where, tti/n -  ratio of atoms of element A to that of element B 
Ha/Hb = ratio of signal heights A to B 
<T = scattering cross-section 
So = stopping cross-section factor
Y ield
Ha+H]
Energy
Figure 4.9: Schematic diagram of RBS step configuration
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The ratio of the stopping cross-section factors is considered to be unity [Chu78],
k i r  ‘ (4.20)=  1
therefore the first equation can be written as,
For biological samples usually the carbon step is used to calculate the relative number of atoms 
of other elements and from this relative masses for each element can be found.
4.19 Surface Barrier Detector
A surface barrier detector is essentially a reverse biased p-n rectifying junction. A surface barrier 
(SB) detector consists of a crystal of n-type silicon with a very thin oxide layer upon which a thin 
layer of gold is evaporated. The result is a rectifying contact with a very thin entrance window 
that behaves like a p-n junction with the gold acting as a thin p-type layer. SB detectors have 
good charge collection properties as they do not have the problems associated with degradation 
of carrier lifetime in diffused junction detectors. The entrance window of a SB detector is thinner 
than those found on diffused junction detectors and energy loss due to absoiption is about ten 
times less. Partial optical transpaiency does mean that these detectors are sensitive to light. 
Having undergone elastic scattering with the sample matrix, back scattered protons aie collected 
by a silicon surface barrier detector mounted at 165° to the incident beam. The detector is taken 
to be 100% efficient, as has been reported and the range of 2 MeV protons in Si is 47|Xm 
[Arshed91]. Edge effects of the detector plus noise generation from light and pulse processing 
electronics can contribute to the degradation of detector resolution.
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4.20 PIXAN
PIXAN is the collective name for the FORTRAN 77 programmes used to analyse data obtained 
from PIXE (Cla86). The PIXAN programmes were designed with the aim of optimising the 
potential of PIXE due to its multielemental capabilities and short measurement time. Within 
PIXAN there are two main programs BATTY and THICK. BATTY carries out the spectrum 
analysis by evaluating the characteristic peak areas. The second part, THICK, utilises known 
characteristic peak areas to determine elemental concentrations.
BATTY uses a model that describes the X-ray spectrum as modified Gaussian peaks on a 
background. Secondary bremsstrahlung radiation is the major contributor to background 
radiation, particularly in the 1-lOkeV X-ray region. When fitting a background to the spectra, 
polynomial or iterative algorithms are available within BATTY. In the work, background fitting 
is performed by the iterative method. Iterative background fitting removes the peaks and 
progressively reduces the spectrum to a smooth background continuum.
Various data sets (DSET) are utilised by the PIXAN programs. DSETl is of great importance as 
it is here that the energy calibration, resolution and parameters such as beam energy and filter 
thickness are inputted. A ’shopping list’ of up to 44 elements to search for and the energy range 
are also defined in DSETl. Self absorption of X-rays in the target is dealt by PIXAN from values 
for the matrix concentrations entered into DSETl. Other data sets hold information on X-ray 
energies for different shells and relative yields.
PIXAN corrects for low energy tailing of Gaussian peaks and for up to 10 sum peaks. A least 
squares fitting procedure, CURFIT, is used to calculate peak areas. A chi square value evaluates 
the goodness of fit, such that a value of 1 indicates a good fit. There are instances where the chi 
square value is not a reliable indicator of a good fit. For example a large chi squaie value may be 
reported when the statistical uncertainty is high due to a large number of counts. Good fits have 
been associated with chi square values of up to 25 (Sek76).
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Batty produces an output detailing peak aieas and their errors given as the standard deviation 
( 5^ ) of the peak area,
=V7V + 2B (4.22)
and the MDL,
MDL^i.294B (4.23)
where, N -  number of counts in the full energy photopeak
B = number of counts in the background summed over ±3a 
from the centre of the peak
3.29 is a factor, taken from Currie (Cur68), which includes an estimate for the interelemental 
interference effects which can lead to an underestimate of the detection limit.
THICK calculates the thick or thin X-ray yields. Slowing down of protons and attenuation of X- 
rays within thick sample is modelled within THICK. Geometrical parameters of the system, such 
as the distance between the sample and the detector, are held in DSET6 and utilised by THICK. 
However these geometrical measurements do not require great accuracy because for the 
comparative method such factors will cancel out so long as geometry is kept constant. Proton 
energy, filter thickness (if applicable), charge collected plus matrix elements and concentrations 
are also mandatory for THICK to operate. Cohen’s theoretical model is used to calculate the 
detector efficiency, required by THICK (Coh80). Attenuation due to the detector window, 
thickness of the gold contact and silicon dead layer aie all corrected for within THICK.
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5.1 General Considerations of Sample Collection
For several decades now the major, minor and trace element properties of a wide range of 
materials has successfully been carried out and in this time the experimental equipment and 
procedures have advanced, however certain fundamental treatment practices are still essential to 
obtaining accurate results. When selecting and manipulating samples for an elemental analysis 
research programme cai'e must be taken to provide a representative sample for the scenario under 
investigation. All stages of sample selection, collection and analysis must be monitored in order 
to ensure accurate and reliable data. Treatment guidelines are available for particular materials 
such as blood and urine, and contain preparation details for determination of specific elements 
[IUPAC95, Cor96]. The aim of such documents are to establish common procedures to 
ultimately enable worldwide comparison of results. Sample treatment, recording, labelling, and 
equipment maintenance should be carried out in a methodical way to ensure all samples are 
treated in the same way. Each sample should be assigned a unique identification code. In some 
situations it may be necessary to set up criteria for accepting and rejecting samples. For example, 
in the case of whole blood separated into erythrocytes and plasma, samples of plasma which 
appear pink have been contaminated with red blood cells and are best discarded.
To obtain a biological sampling medium of interest and prepare it for a particular method of 
elemental analysis can involve numerous preparation stages. Typically these preparation stages 
include; sampling, separation, sample storage, homogenisation, dehydration, ashing and element 
separation [BehSO]. The fewer manipulation stages involved in sample prepaiation the better as 
it decreases labour time and reduces the opportunity for elemental losses or contamination. If 
any separation of the specimen is required it should be carried out soon after collection to ensure 
separation is possible and to decrease the likelihood of changes in biological parameters. When 
caiTying out an investigation into elemental composition of blood samples it is important to 
consider that different divisions of blood, be it whole blood, erythrocytes or plasma, contain 
elemental concentrations at different levels. Typically higher concentrations of Ag, As, Fe, Hg,
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K, Mg, Mn, N, P, Pb, Rb, S and Zn are found in red blood cells compared to plasma [Bow66]. 
Whereas plasma has been reported to contain greater concentrations of Ca, Cl, Co, I and Na than 
is found in red blood cells [Bow66]. When elemental distribution within a sample is 
inhomogeneous but analysis of a representative sub-sample is desired various homogenisation 
methods are available. Homogenisation methods range from the simplicity of a mortar and pestle 
to sophisticated mechanical grinders capable of separating particle sizes. Contamination from 
metal components of equipment such as mechanical grinders can be a critical factor in choosing a 
homogenisation technique.
Contamination, elemental losses and changes in tissue composition are the main cause of errors 
arising from the stages involved in sample manipulation [BehSO]. Further sources of error can be 
introduced due to contamination from dust, skin, clothing and so on. It is impossible to eliminate 
contamination completely. Often sources of contamination are only recognised if they produce a 
clearly erroneous result and on some occasions contamination can go unnoticed, as there is no 
definitive method for assessing contamination levels. Certain elements are established indicators 
of a route of contamination for example, dust from the surrounding environment can be observed 
by the presence of Ti [Bow66]. Reduction of contamination via the air can be achieved by 
ensuring working surfaces are clean and using laminar flow cabinets drying of sample containers. 
Anticoagulants, preservatives and other chemicals may add impurities to the sample that cannot 
be removed but depending on the focus of the study it is not always necessary to exclude these 
substances. For blood plasma collection plastic tubes with Li hepaiin are suitable for most 
analyses, Zn and Cu may be added to the sample from Li heparin vacutainer and in addition to 
these two elements some Mn contamination from Li heparin vacutainers has been reported 
[Fel98, Wal98]. PIXE analysis carried out by Arshed found that Br was the only contaminating 
element introduced by the use of Heparin as an anticoagulant and that it was present at a level 
lower than the detection limit (<0.01 p,g/mL) for Br [Ars91]. Volatile elements such as Cd, Hg, 
Pb and Se may be lost by the freeze drying process although reports var. However there is 
evidence that concentrations of Br, Ca, Cl, I, K, Mg, Na and other elements in biological material 
are unaltered by the lyophilisation process [Zai97].
Alteration of elemental tissue concentrations due to physiological processes must also be 
considered. Haemolysis is the natural process by which old erythrocytes are destroyed. The
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process of haemolysis causes the release of certain elements, such as Fe, K and Zn, which are 
concentrated more in erythrocytes than in plasma [Cor96]. Protein bound elements in blood such 
as Se and Zn may change due to the subject changing position causing the extracellular fluid flow 
into the blood vessels to increase and dilute the protein concentrations present [Jur77].
Sample collection equipment, such as needles and collection tubes are a major potential source of 
contaminants and should ideally be free from impurities. The permissible levels of elemental 
concentrations in collection equipment will be dependent on the target of the particular study. 
Stainless steel needles contain high levels of Co, Cr, Ni, Mn and are therefore unsuitable for 
obtaining blood samples for analysis targeting these elements unless they are present in the blood 
sample at significantly greater levels than found in needles [Cor96]. Glass contains significant 
amounts of A1 and certain plastics aie often unsuitable for sample collection due to the presence 
of trace amounts of Cd and Zn [Cor96]. Adsorption on the surface of tools and container walls 
can lead to elemental losses from samples so long term storage of samples should be avoided.
As a result of the uncertainty of the elemental composition of collection equipment it is important 
to meticulously clean all equipment and where possible carry out monitoring by making use of a 
‘blank’. The purpose of a blank is to establish the elemental concentrations present in the 
collection vessel and so it should be treated and analysed in the same way as those used for 
sample collection. It then provides a tool for investigating any influences on the experimental 
procedures. A blank should never contain a higher concentration of the elements of interest than 
is expected in the samples. Blanks can also provide information on contamination that may have 
occurred during sample preparation and on the background noise during measurement. For 
IN A A an alternative to using blanks is to transfer the samples into new, clean containers before 
counting but this may expose the handler to biological and experimental risks such as increased 
radioactive dose to the fingers and adds an extra time factor to the experimental process.
Obtaining a subject’s history is essential if results aie to be put into context and any conclusions 
can be drawn from the analysis. The depth and type of information about each subject will be 
dependent on the availability of patient data as well as the particular focus of the study. For 
example, in collating information for a study of elemental changes in relation to an operation it 
may be important to know the duration of the surgery and the amount of blood loss during that
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period. Personal histories for studies involving elemental composition of biological materials 
usually enquire about the sex, age, dietary habits, lifestyle, employment and medical history of 
subjects involved. Collected samples are assigned individual codes which refers the investigator 
to their personal subject history and ensures subject anonymity.
In order to establish the concentrations of elements in the samples, reference materials are needed 
for comparison. Bowen’s Kale contains wide range of elements and has been used as the 
reference material of choice throughout this research. A minimum mass of a particular standard 
or reference material is recommended to ensure that the sample is representative and hence the 
certification is valid, for Bowen’s Kale a minimum mass of 100 mg should be employed. 
Reference materials should be chosen so that they contain similar elements to those of interest in 
the samples and have a comparable bulk matrix. The sample analysed is usually a small fraction 
of the material from which it is talcen. Ideally the elemental concentrations of the sample should 
reflect that of the original material. Calculated concentrations can be checked by using one 
reference material to find the elemental composition of another and this can be compared with the 
certified values. Reference values for similar types of samples can be talcen from published 
research data and provide an invaluable comparison with the results found in any study.
Peach Leaves a NIST standard reference material (SRM) (catalogue no. 909b) was analysed 
using INAA and PIXE [Figure 5.1]. The elemental concentration of Peach Leaves was 
determined using Bowen’s Kale reference material. From this an indication was obtained as to 
the capabilities of the analytical technique in using Bowen’s Kale as a reference material for the 
comparative method employed in the work for this thesis. In addition, this provides a measure of 
how INAA and PIXE vary in determining the concentration of different elements. As shown in 
figure 5.1 PIXE detected Mg, K, Ca, Si, P, S, Fe, A1 in Peach Leaves and INAA found Na, Mg, 
K, Ca, Al, Mn and Br, using exactly the same experimental conditions as for the blood samples. 
Unfortunately Peach Leaves does not certify the concentration of Si, P or Br but the 
concentration obtained has still been included in figure 5.1 for reference. Considering elements 
for which a certified value was available, aluminium was found to differ the most using either of 
the two techniques.
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Figure 5.1: A comparison between the certified elemental 
concentrations in Peach Leaves reference material and 
concentrations determined using INAA and PIXE.
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5.2 Changes in Experimental Condition
Throughout the PIXE analysis in this study the proton beam was highly unstable and this needs to 
be considered when examining the data produced. Fluctuations in proton beam energy used for 
PIXE analysis has a great impact on the counts collected from a given sample. To test how the 
beam varied with time samples of Bowen’s Kale were analysed and the results displayed 
graphically [Figure 5.2]. To allow for changes in collected charge at a particular time each 
element value was worked out as counts per microcoulomb. Samples of Bowen’s Kale have been 
labelled BK-A through to BK-D, BK-A and BK-B were measured on consecutive days in the 
same week, BK-C and BK-D were on consecutive days a week later.
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Figure 5.2: Examination of variations in PIXE results with time.
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There are clear differences between the counts obtained for a given element across time. For 
several elements the number of counts detected for is much more similar between measurements 
collected on consecutive days than values from a week later. So it can be seen that the 
fluctuations in beam energy experienced when collecting PIXE data has a definite influence on 
the counts emitted from the sample. This is an important consideration in data analysis. The 
comparative method has been used to determine elemental concentrations and a reference 
material was present on each analysis plate thus reducing the impact of the beamline fluctuations.
In the case of INAA variations due to changes in flux can be an important factor to consider 
when designing an irradiation regime and may lead to the need for flux monitors. Flux variations 
will arise over time and change according to the irradiation position vertically and horizontally. 
Three pellets of Bowen’s Kale (BK-1 to BK-3) were irradiated for five minutes, then left to decay 
for two minutes and finally counted at the same distance from the detector for a further five 
minutes. The first pellet BK-1 was irradiated at time zero, BK-2 after 1 hour and BK-3 another 
two hours after that. Variations in the behaviour of the three samples have been expressed as 
counts per Kg for each detected element and plotted as percentage variation from the mean 
[Figure 5.3].
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Figure 5.3: Examination of variations in IN A A results with time.
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Results from INAA for the three samples of Bowen’s Kale over time show that there is some 
variation in the number of counts detected for any given element. The observed differences are 
likely to be influenced by changes in the neutron flux during the experiment, however pellets of 
reference materials are not identical and thus some variation may arise due to slight differences in 
composition of the samples. As a result of these observations several pellets of Bowen’s Kale 
reference material were located throughout every batch of blood samples and the comparative 
method was carried out using the neaiest reference material, to minimise variations due to time.
5.3 Sample Selection for Analysis
Typically studies of elemental status and disease require a sample medium that strongly reflects 
elemental turnover and distribution and therefore indicates the levels in the body as a whole. 
When choosing a sample to represent a biological condition of interest there are several options 
including, tissue samples, blood, hair, nails, excreta and other biological fluids and tissues. 
Blood samples were chosen as the sample medium for analysis of elemental status among Type 2 
diabetics and sufferers of Ischaemic Heart Disease. Blood is a suspension of cellular components 
in a protein-containing plasma in a ratio of approximately 43:57 [Hey84]. Homeostatic 
mechanisms within the body control the balance of elements and blood provides a transport route 
for them around the body. Blood is an ideal sampling material as it is relatively easy to obtain 
and causes mild or no discomfort to the subject, particularly as in this case a catheter was already 
in position as part of the subjects general treatment with regards to the by pass operation. Further 
benefit of selecting blood as a sample medium is that by analysing the constituent parts of the 
blood an indication of the effect of time on element composition can be observed. Erythrocytes 
have a lifecycle of about 120 days and hence give relatively long-term elemental information as 
opposed to shorter term information from plasma analysis which is influenced by recent dietary 
intake. Elemental concentrations in blood are reasonably stable although particular elements 
have a tendency to accumulate in a particular blood constituent. Heydorn reported the 
distribution of different trace elements between cells and plasma varies by more than four orders 
of magnitude, from iron concentrated in the haemoglobin of the erythrocytes to calcium dissolved 
in the plasma [Hey84]. His work also described plasma or serum as better indicators of overall 
elemental concentration than whole blood [Hey84]. Plasma experiences a lower risk of 
haemolysis and can make it preferential compared to serum. Plasma is a watery fluid and after
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freeze drying its mass is greatly reduced and therefore only a relatively small amount of plasma is 
available from a sample of whole blood meaning it is not always practical to use plasma for 
elemental analysis.
5.4 Collection and Preparation Protocol for Blood Samples
Blood was collected from the Cardiac Intensive Care Unit of St. George’s Hospital, Tooting, 
London. All patients suffered from Ischaemic Heart Disease and were about to undergo a 
coronary artery by-pass operation. Samples were obtained from people with Type 2 diabetes and 
those without diabetes. Subjects with renal failure, hepatic failure, endocrine disorders or on 
parental nutrition were excluded from the study. A further group of samples was obtained from 
cardiac by-pass patients (non-diabetic) post operation and later whilst recovering from the 
operation to investigate elemental differences induced as a result of the operative process.
A strict protocol accepted by St. George’s Hospital Ethics Committee was adhered to for the 
collection of blood samples from subjects so that contamination was minimised and consistency 
was obtained across the period of collection. At all points of sample manipulation the handler 
was wearing a laboratory coat and powder free disposable latex gloves which were rinsed with 
deionised water to ensure they were free from impurities. All polyethylene containers and tools 
used to manipulate the samples, such as spatulas and pipette tips, were carefully cleaned prior to 
use. Cleaning was achieved by soaking polyethylene containers and manipulation tools in Analar 
10% nitric acid for 24 hours and then rinsing them thoroughly in deionised water and drying 
them in a laminar flow cabinet. The laminar flow cabinet filters the air which passes over the 
containers and removes impurities from the air, thus minimising contamination from air and also 
from the breath of the analyst.
Blood was taken from the subjects radial artery using a syringe connected to the output of an 
established polyethylene direct cannula in the subjects ai*m. The first few millilitres of blood to 
pass through the cannula was not collected for this work, in order to reduce possible elemental 
contamination from the cannula. Blood was drawn into vacutainers containing lithium Heparin. 
Two vacutainers were used to collect blood from each subject. One vacutainer collected 4mL of 
whole blood and was then immediately transferred into a pre-cleaned polyethylene container and
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frozen at -20°C before being freeze-dried over a period of 24 hours [Cor96]. The second 
vacutainer collected 6mL of whole blood which was then spun in a centrifuge at SOOOrpm for 
approximately 10 minutes to separate it into plasma and erythrocytes. Plasma and erythrocytes 
were extracted using a pipette and transferred into separate pre-cleaned polyethylene containers 
before being frozen and freeze dried the same way as the whole blood. Constituent parts of the 
blood were collected with different polyethylene pipette tips to ensure that no cross 
contamination could occur. In this way samples of whole blood, erythrocytes and plasma were 
obtained from each subject for analysis purposes. All samples were freeze dried for twenty-four 
hours at less than -45°C, in the Clinical Biochemistry Department of St. George’s hospital. Once 
lyophilised samples were homogenised using a polyethylene spatula and stored in a dessicator. 
All samples were uniquely labelled with the subject code written on the side of the polyethylene 
container using a permanent marker pen. The subject code described the patient from which the 
blood was taken and their health status, for example DM1 PB Pre describes a sample of plasma 
collected from a diabetic before by-pass, CABGl WB Post describes a sample of whole blood 
collected from a non-diabetic patient post by-pass surgery.
It was decided to produce the samples in pelletised form for analysis, in order to maintain a 
constant counting geometry for INAA and to allow easy retrieval of the samples from their 
containers. A stainless steel pelletiser was used to create 7mm diameter pellets of up to 4mm 
depth, weighing between 150-200mg, from whole blood, erythrocytes and plasma for each 
subject. Prior to use the pelletiser was cleaned in Decon 90® and then rinsed with deionised 
water. The washing process was also used continuously throughout the pelletisation procedure 
between each sample to eliminate contamination across the constituent parts of the blood or 
between different subjects. Pellets were stored in pre-cleaned polyethylene irradiation capsules 
ready for instrumental neutron activation analysis. These capsules were then placed inside larger 
precleaned polyethylene tubes whose lids were sealed by melting. In order for these tubes to pass 
easily through the reactor the melted region was ground to a smooth finish. Each tube was then 
dropped through a section of test piping having the exact dimensions as the reactor system’s 
irradiation tube and any that got stuck were rejected and resealed in different outer tubes.
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An additional set of pellets from the same group of people were prepared in the way described 
above and then mounted onto 3mm thick aluminium plates for PIXE analysis, as shown in Figure 
5.4. A strip of double-sided adhesive tape was used to attach the sample pellets to the plate.
colloidal graphite
Plate A
9 10
reference sample'pellets
material
Figure 5.4: A schematic diagram of a sample plate ready for PIXE analysis.
The aluminium plate had two scored lines down its length to orientate all pellets in the correct 
position for the proton beam. A permanent marker pen was used to label each sample plate and 
to assign a number to each pellet which could be viewed through a microscope to identify the 
sample once inside the target chamber. Elemental analysis of the adhesive tape detected only 
chlorine present and it has been shown that the chlorine does not leach into the samples over a six 
month period [Ars91]. Up to ten pellets, of 7mm in diameter, could be placed on each aluminium 
plate. Sample charging is a common problem with biological materials used for PIXE analysis, 
applying carbon to the target plate can eliminate the problem [Pap78]. Colloidal graphite, often 
referred to as carbon dag, was painted along the length of the plate making contact with the side 
of each pellet. Great care was taken to ensure no carbon dag came in contact with the surface of 
the pellets. Sample plates were kept in petri dishes and stored in a dessicator ready for analysis. 
Following exposure to the proton beam the scanning area can be seen on each pellet and the 
heating effect causes cracking of the colloidal graphite [Figure 5.5]. Heating by the proton beam 
can also cause a mark to be left on the pellet surface, which can act as a visual check that the 
beam scan was within the surface boundary of each pellet. Further details about the scanning 
conditions are given in chapter 4 on PIXE analysis.
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Figure 5.5: A schematic diagram of a sample plate following PIXE analysis.
5.5 Dry to Fresh Weight Ratio
All blood samples (whole blood, plasma and erythrocytes) were freeze dried for 24 hours until 
there was no further reduction in mass. A dry to fresh weight conversion ratio for each sample 
was obtained from the pre and post freeze drying weights. Table 5.1 details the mean dry to fresh 
weight ratios for the three constituent parts of blood as used in this study. Erythrocytes have a 
greater conversion ratio corresponding to a lower water content than whole blood and plasma.
Dryifresh weight ratio
Whole Blood 0.187 ±0.015
Erythrocytes 0.311± 0.015
Plasma 0.078 ± 0.008
Table 5.1: Mean dry to fresh weight conversion ratios for blood constituents.
5.6 Sampling Factor
Homogeneous samples contain evenly distributed elements whereas in uniform samples the 
elements are randomly distributed. In reality truly homogeneous biological samples in reality are 
extremely hard to achieve despite thorough grinding and mixing but uniformity is achievable.
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Obtaining a truly representative subsample for analysis from a larger mass is not easy. What is 
required is to determine a sample weight where specimen heterogeneity has a negligible effect on 
the results of the analysis. Neutron activation analyses the whole subsample since neutrons, as 
uncharged particles penetrate the whole sample prepared but the proton beam used in PIXE 
analysis targets a small area of the selected subsample adding to the difficulty of obtaining 
representative results. Beam energy, beam diameter and sample matrix determine the actual 
volume and therefore mass of sample analysed. The sampling constant is the mass of material 
needed to reduce the contribution from sample heterogeneity to 1% given by equation 5.1 [Hey84].
K,=R^m  (5.1)
where, Ks = sampling constant
R = relative standard deviation, of the element in sample of equal weight m, 
expressed as a percentage
Experimentally the sampling constant is different for individual elements and so will be referred 
to as the sampling factor [Spy88]. Neutron activation analysis has been used to examine the 
sampling factor in Bowen’s Kale reference material and found that the standard deviation of the 
mean count rate decreased with increasing sample mass [Aka87]. Akanle’s work also reported 
that following long and short irradiation Na, Mg, Al, Cl, Ca, Mn, K and Br were homogeneously 
distributed when the sample mass was 150mg. Samples prepared for this research were between 
150~200mg to increase the likelihood of analysing a uniform subsample. For INAA using a 
sample size of 150mg and greater also decreases the errors from the analysis and allows for better 
statistics. When considering the elemental heterogeneity of samples using PIXE analysis, 
sampling factors can be determined in terms of numerous beam spot positions on a target. A 1 % 
contribution from sample heterogeneity would require collecting data from an impractical large 
number of single points on each sample whereas a 5% contribution can be achieved if the proton 
beam is scanned across the sample [Ste96]. For this work a large beam scanning area, typically 
4mm^, was used to minimise the sampling factor as repetitive analysis of each pellet was not 
feasible.
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5.7 Reference Serum
Standard reference material 909b, human serum, was obtained from NIST. Samples of the 
human serum SRM were analysed by both PIXE and INAA to see if the results obtained in this 
work were in agreement with the elements certified. As well as reassuring the reader of the 
validity of the two experimental techniques analysis of the NIST reference serum could show if 
contamination arises from any of the preparation procedures. The reference serum is provided in 
powder form with a vial of deionised water with which to reconstitute the material. NIST 
provided clear instructions describing the reconstitution process which were followed precisely. 
Following the reconstitution the reference serum was poured into a vacutainer from the same 
batch as that used for all blood collection and left overnight in a fridge thus mimicking the 
conditions of all the blood samples collected for this study. Next the reference serum was 
transferred to a polyethylene container and frozen, freeze dried and pelletised again in the same 
way as all other blood samples. Results of the analysis have been recorded [Table 5.2]. INAA 
detected Na, Mg, Al, Cl, K, Ca, and Br in the reference serum and in Bowen’s Kale and PIXE 
detected Na, Si, P, S, Cl, K and Ca in both. i
INAA PDŒ Serum 909b
Element
detected
Mean fresh 
weight 
concentration
W g )
Mean fresh 
weight 
concentration 
(ng/g)
Certified
concentration
W g )
Na 3179 ±173 2199 + 266 2776 ±21
Mg 33 ±4.78 / 19 ±0.1
Si / 15 ±2.85 —
S / 120 ±7.00 —
P / 1139 ±5.24 —
Al 1.25 ±0.17 / —
Cl 3370 ±121 2917 ±2.63 3159 ±20
K 143 ± 12 103 ±4.50 134 ±1.0
Ca 81 ±4.88 86 ±1.26 40 ±1.0
Br 2.41 ±0.21 / —
Table 5.2: Elemental concentration in NIST SRM Human Serum (909b) by INA and PIXE
Analyses.
—  = not certified
/  = not detected
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Certified values were only available for Na, Mg, Cl, K and Ca, of these elements there is 
reasonable agreement with certified levels except for Mg and Ca. It is difficult to be conclusive 
about the observation for Ca and Mg since freezing and freeze drying of the serum was not 
recommended in the certificate of analysis and only two samples of serum were analysed by each 
technique. There may be some Ca and Mg added to the sample from the vacutainer but neither 
element is known to leach from plastic.
5.8 The Scanning Electron Microscope
The Scanning Electron Microscope (SEM) can be used to obtain magnified images of a sample 
by means of an electron beam. Electrons aie produced from an electron gun by thermionic 
emission from a heated filament and accelerated to an energy of 2-40 KeV. A lens configuration 
is used to focus the diameter of the electron beam onto the surface of the specimen and by 
altering the current applied to the lenses the magnification can be controlled. A sample pellet is 
placed inside the vacuum column of the electron microscope. The electron beam is then scanned 
across the surface of the specimen and a detector records the radiation emitted. An image is 
constructed from the release of secondary electrons and the scattered incident electrons from the 
material, resulting from the various interactions between the beam of electrons and the samples. 
The result is a grey scale three dimensional image with a much greater magnification and 
superior resolution than could be achieved using a light microscope.
Homogeneity of reference materials used for the comparative method is particularly important to 
produce low uncertainty of the analytical results. A SEM was employed to study the 
homogeneity obtained from manual pulverisation. Samples chosen for analysis using a SEM had 
been prepared and pelletised as described previously in this chapter. Each pellet was mounted 
onto the sample holder using adhesive carbon tape. Image collection was achieved using variable 
pressure in the chamber of the electron gun. This method was selected in preference to constant 
pressure which would require the sample to be coated with a conducting medium, typically gold. 
Gold coating adds to the time and cost of obtaining SEM images plus gold can mask other 
elements in the sample. Both lyophilised whole blood and Bowen’s Kale have been examined 
using scanning electron microscopy [Figure 5.6a and b]. It can be seen that neither sample pellet 
was truly homogeneous, however they do show uniform properties of particle size and
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distribution. For Bowen’s Kale the greatest particle size appears to be approximately 10|Lim 
across, whereas for the whole blood it appears to be roughly 5|Xm. Lighter colouration on the 
SEM image indicates the presence of heavier elements. The pelletised sample of whole blood 
has more cracks across the surface than the Bowen’s Kale sample, perhaps suggesting that the 
pellet has taken on some moisture since the freeze drying process. Moisture uptake is 
problematic as it could be a source of contamination and could increase the time it takes to obtain 
a vacuum inside the sample chamber. Sample cracking has little detriment in the case of INAA 
as the whole sample is analysed. However when PIXE analysis is cairied out the sample 
cracking can reduce the counts obtained from a sample as the proton beam will have to travel 
deeper into the cracked regions. Initially the stopping power is less since the proton beam does 
not interact at the same depth as it does at uncracked areas of the sample surface. The increased 
interaction depth typically means that fewer counts are detected from cracked regions of a 
sample.
Homogeneity is important for experimental techniques that do not involve the whole sample. 
Even following a strict preparation protocol it is often difficult to obtain a truly homogeneous 
sample. It is therefore vital to carry out homogeneity tests before the start of analysis to see if the 
method of homogenising needs improving and just to provide a record of the level of 
homogeneity achieved.
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Figure 5.6a: SEM images of Bowen’s Kale at xlOO and x500 magnification respectively
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Figure 5.6b: SEM images of pelletised blood at xlOO and x500 magnification respectively
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Chapter 6: Elemental Status of Diabetics with Ischemic Heart Disease
6.1 Introduction
Diabetes is one of the fastest growing diseases today, presently affecting about a million 
people in the UK. The majority of people with the disease develop a form called Type 2 
diabetes during middle age. As well as being potentially life threatening, diabetes intrudes on 
the lifestyle of its sufferers. People with diabetes are at a greatly increased risk of 
cardiovascular disorders, kidney damage and retinopathy. The severe health implications for 
diabetes sufferers are clear, modern treatments can improve the lifestyle of diabetics, relieving 
symptoms, preventing or delaying complications and hopefully prolong their life. However 
cardiovascular disease and other problems associated with diabetes are often present at the 
time of diagnosis and so need to be treated as effectively and simply as possible as prevention 
is no longer an option. Typically diabetes is diagnosed 9-12 years after its probable time of 
onset. Research has reported altered elemental status of diabetics compared to non-diabetics, 
as discussed in the literature review chapter. Of the existing studies into the elemental status 
of diabetics, few have reseaiched the relationship between diabetic complications and 
elemental levels. This chapter examines Type 2 diabetics with severe coronary heart disease, 
the major complication of diabetes.
Blood is the major transport medium for elements around the body and can be obtained 
quickly and without any discomfort. Whole blood was collected from eleven male Type 2 
diabetics prior to undergoing coronary artery bypass surgery and eleven male non-diabetic 
bypass patients before their operation. Elemental analysis performed on whole blood, 
erythrocytes and plasma by INAA and PIXE determined the elemental concentrations in each 
component of the blood. As a result it was possible to examine the distribution of elements in 
whole blood, erythrocytes and plasma, as well as compare between diabetics and non­
diabetics with similar severity of ischaemic heait disease. The blood samples were analysed 
by dividing into three parts (whole blood, erythrocytes and plasma) in order to gain an insight 
into whether any elemental differences were due to short or long term influences and to see 
whether distribution of elements is altered in diabetics.
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A medical history of the diabetics taking part in this study has been listed in table 6.1. The 
ages range from 51 to 79 years old, the average age being 66. Of this group vyith ischaemic 
heart disease some suffer from further complications, such as retinopathy. Such details have 
been included in table 6.1 in order to provide a full background and may become relevant 
when analysing individual results and drawing conclusions. The control group for this study 
consisted of eleven male patients, also waiting for bypass surgery at St. George’s Hospital, 
aged between 51 and 72 with an average age of 62. Details of the set of eleven males in the 
control group are given in table 7.2 in chapter 7 (CABG 1-10 and 12).
Throughout this thesis DM or Type 2 CABG is used to refer to the group o f diabetic subjects 
admitted to hospital for coronary artery bypass and the abbreviation CABG refers to the set 
of non-diabetic subjects admitted to hospital for coronary artery bypass surgery.
Subject
code
Age
(yr)
Duration of 
diabetes Drug history Comment
DM 1 79 9 years insulin last 6 months
3 family members with 
diabetes
DM2 58 > 20 years insulin retinopathy
DM3 51 4 weeks insulin
mother diabetic, 
hypertensive, ulcerative 
colitis
DM 4 64 30 years insulin
DM5 74 15 years Gliclazide retinopathy, nephropathy
DM6 69 20 years Gliclazide,Atenol hypertensive
DM7 68 Gliclazide.Metformin inoperable
DM8 69 40 years insulin myocardial infarction in 92
DM9 61 diet controlled hypertensive, thyroid cancer
DM 10 63 5 years diet controlled
DM 11 72 20 years Metformin hypertensive, high cholesterol
Table 6.1: Subject details of the Type 2 CABG subjects in this study.
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6.2 Elemental Distribution in Blood Components
INAA and PIXE analysis have been used to investigate the elemental composition of whole 
blood, erythrocytes and plasma from patients prior to undergoing a coronary artery bypass 
operation. In chapter 5 on ‘Sample Collection, Preparation and Quality Assurance’ it has 
already been discussed that components of blood concentrate elements differently. In this 
chapter distribution of elements in whole blood, erythrocytes and plasma from diabetics and 
non-diabetics prior to bypass surgery are examined, of these DM 7 was considered inoperable 
by the consultant but no reason was given in the notes. The neutron activation schedule was 
five minutes irradiation followed by two minutes waiting and five minutes counting. RBS 
data were collected simultaneously to the X-ray emission results to determine the major 
elements found in blood; the RBS process has been described in detail in chapter 4. From 
RBS analysis no significant differences were found between carbon, nitrogen and oxygen 
levels of CABG patients and Type 2 CABG patients. Mean concentrations of carbon, 
nitrogen and oxygen in blood components have been displayed as the percentage dry weight 
in tables 6.2a and b. The RBS method has some inherent inaccuracies since the step 
boundaries, from which element concentrations are determined, were judged by eye. Values 
found by RBS analysis were part of the required input for PDCAN the computer package that 
calculated elemental concentrations from the counts obtained from PIXE analysis.
% dry weight C% N% o%
Whole blood 63.9 ±2.8 25.3 ± 1.6 11.1 ±1.7
Erythrocytes 61.2 ±3.3 24.1 ±1.8 10.9 ±1.9
Plasma 58.7 ±2,6 24.0 ±2.1 9.0 ±0.8
Table 6.2a: Percentage concentration of C, N and O in blood from CABG patients determined
by RBS analysis
% dry weight C% N% o %
Whole blood 63.6 ±2.5 25.1 ±1.4 11.3 ±2.1
Erythrocytes 59.1 ± 2.7 23.8 ± 0.9 9.6 ±2.2
Plasma 56.7 ± 1.9 25.1 ±1.9 8.6 ±1.3
Table 6.2b: Percentage concentration of C, N and O in blood from Type 2 CABG patients
determined by RBS analysis
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Element
INA
AM (fig/g)
A Whole BIc
GM (jig/g)
lod
Range (|Xg/g) No of cases
Na 3624 ±907 3518 2352-5591 11
Mg 101 ± 27 98 60 - 156 11
Al 1.7 ±0.5 1.64 0.95 - 2.46 11
Cl 4572 ±1009 4462 3008 - 6729 11
K 2262 ±654 2168 1248 - 3732 11
Ca 171 ±50 164 95 - 275 11
Mn 0.50 ±0.14 0.48 0.31-0.76 11
Br 6.18 ±1.82 5.91 3.25-9.40 11
Element
INA
AM (fxg/g)
A Erythrocy
GM (jxg/g)
tes
Range (|xg/g) No of cases
Na 879 ±329 823 411 -1701 11
Mg 63 ± 14 62 43-92 11
Al 3.17 ±1.23 2.95 1.33-6.12 11
Cl 2503 ±493 2452 1772-3178 11
K 4635 ±964 4528 3006 - 5840 11
Ca 62 ±30 53 17-113 11
Mn 0.25 ±0.06 0.24 0.14-0.34 11
Br 3.55 ±1.00 3.41 2.21 - 5.65 11
Element
I]
AM ((Xg/g)
SAA Plasma
GM (ixg/g) Range (|xg/g) No of cases
Na 4712 ±622 4672 3843 - 5723 11
Mg 163 ±27 161 129 - 226 11
Al 2.66 ±0.81 2.54 1.59-4.16 11
Cl 5013 ±571 4981 4091 - 5894 11
K 3613 ±1814 3220 1660 - 7438 11
Ca 197 ± 37 194 140 - 261 11
Mn 1.58 ±0.30 1.55 1.10-2.09 11
Br 22.58 ± 12.86 17.98 12.23 - 38.73 11
Table 6.3a: Elemental concentrations in blood samples from Type 
2 diabetic CABG patients determined by INAA.
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Element
INA
AM (|xg/g)
A Whole Bio
GM (jig/g)
lod
Range (|xg/g) No of cases
Na 2138 ±460 2137 1625 - 2962 11
Mg 64 ±14 63 39-82 9
Al 1.13 ±0.31 1.08 0.62-1.80 11
Cl 2811 ±570 2756 2173 - 3914 11
K 1508 ±413 1451 886 - 2179 11
Ca 105 ± 33 99 53 -153 11
Mn 0.33 ±0.07 0.32 0.19-0.41 11
Br 3.71 ±1.10 3.54 2.07-7.17 11
Element
INA
AM (ixg/g)
A Erythrocy
GM (|xg/g)
tes
Range (jxg/g) No of cases
Na 958 ±442 870 455 - 1952 9
Mg 61 ±12 60 45-80 9
Al 2.69 ±0.93 2.54 1.39-4.92 9
Cl 2515 ±508 2463 1719-3231 9
K 4075 ± 646 4025 3237-5197 9
Ca 69 ±18 66 46 -103 9
Mn 0.24 ±0.06 0.23 0.17-0.35 9
Br 5.13 ±2.39 4.69 2.85 - 10.71 9
Element
I]
AM (|JLg/g)
VAA Plasma
GM (}Xg/g) Range (jxg/g) No of cases
Na 6002 ± 1367 5853 4498 - 8154 9
Mg 208 ±71 197 133 - 331 8
Al 2.26 ±1.14 2.00 0.99-4.75 8
Cl 6316 ±1265 6199 4946 - 8853 8
K 8473 ± 4558 7180 2842 - 17175 8
Ca 302 ±87 290 207 - 445 8
Mn 0.92 ±0.28 0.88 0.63 - 1.48 8
Br 9.50 ±3.27 9.05 6.85 - 20.27 8
Table 6.3b: Elemental concentrations in blood samples from non­
diabetic CABG patients determined by INAA.
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Element
FIX
AM (|Xg/g)
E Whole Bio
GM (jxg/g)
od
Range (jxg/g) No of cases
Na 3257 + 741 3179 2286 - 4848 11
Mg 415 + 91 406 320 - 621 11
Al 4.1 ±1.3 3.91 2.00 - 6.67 11
P 233 ± 29 231 193-281 11
S 1329 ±182 1318 1166- 1802 11
Cl 3167 ±640 3101 2167 - 4226 11
K 1081 ± 147 1072 898 - 1376 11
Ca 51±11 50 31-64 11
Fe 295 ± 137 266 140 - 552 11
Element
FIX
AM (fig/g)
E Erythrocy 
GM (|lg/g)
tes
Range (ftg/g) No of cases
Na 1539 ±178 1529 1322 - 1879 11
Mg 231 ±46 227 156-317 11
Al 3.08 ± 2.29 1.72 0.28 - 5.90 3
P 547 ± 59 544 453 - 644 11
S 2005 ± 105 2003 1850 - 2229 11
Cl 2426 ±258 2413 2107 - 2959 11
K 3013 ± 324 2997 2734 -3905 11
Ca — ---------- . none
Fe 2068 ± 175 2061 1754 -2380 9
Element
F
AM (|ig/g)
IXE Flasma
GM (|Xg/g) Range (jig/g) No of cases
Na 3402 ±1165 3196 1678 - 5824 11
Mg 494 ±211 451 217 - 964 11
Al 4.07 ± 2.99 3.11 1.09 -10.36 11
P 53 ±28 47 25 -105 11
S 737 ± 273 689 388- 1199 11
Cl 2852 ±1258 2601 1562 - 5415 11
K 195 ± 133 155 64 - 494 11
Ca 66 ± 24 62 44 - 104 11
Fe 3.1 ±0.3 5.2 4.4-6.1 2
Table 6.3c: Elemental concentrations in blood samples from Type
2 diabetic CABG patients determined by PIXE.
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Element
FIX
AM (|xg/g)
E Whole Bio
GM (iLig/g)
od
Range ()iig/g) No of cases
Na 2579 + 698 2459 2187 - 3864 10
Mg 316 ±59 311 261 - 474 10
Al 2.88 ±0.87 2.75 1.67-4.74 8
P 220 ±17 220 187 - 255 9
S 1367 ± 202 1353 996- 1613 10
Cl 2776 ±407 2748 2285 - 3502 10
K 1133 ±118 1127 861 -1313 10
Ca 45 ± 8 44 33-55 10
Fe 271± 141 243 162 - 525 8
Element
FIX
AM (|ig/g)
E Erythrocy
GM (Iig/g)
tes
Range (jug/g) No of cases
Na 1590 ±278 1567 1241 - 2184 9
Mg 219±61 216 112-338 9
Al 3.61 ±0.01 3.61 3.60 - 3.61 2
P 524 ±33 523 463 - 662 9
S 2075 ±112 2072 1867 - 2413 9
Cl 2482 ±318 2463 2068 - 3196 9
K 2866 ±328 2845 2162 - 3980 9
Ca ■■■ ---------- — —
Fe 2117 ±150 2112 1909 - 2420 9
Element
F
AM (fig/g)
IXE Flasma
GM (|xg/g) Range (ftg/g) No of cases
Na 3954 ±1486 3614 1436-6191 8
Mg 517 ±194 478 229-754 8
Al 5.08 ±2.87 3.92 1.00-8.32 7
P 68 ±33 63 36-111 7
S 912 ±270 867 499-1190 7
Cl 3164 ±1071 2950 1460-4205 7
K 192 ±35 189 143-229 7
Ca 74 ± 19 71 47-103 7
Fe 30±11 28 19-41 2
Table 6.3d: Elemental concentrations in blood samples from non­
diabetic CABG patients determined by PIXE
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Results of elemental analysis are expressed in tables 6.3a, b, c and d as p-g/g fresh weight. All 
subjects considered in this chapter were admitted to St. George’s Hospital, awaiting bypass 
surgery. Subjects in the study may have been experiencing hormonal changes as a result of 
the stress of being in hospital which may in turn affect element homeostasis. For example, 
cortisol is a hormone often produced in response to stress it also reduces bone generation and 
may effect circulating elements such as Ca. Anti diuertic hormone (ADH) is secreted by the 
pituitary gland in response to stress and acts on the kidneys to prevent water excretion and 
increase Na absorption. Elemental levels may also be affected by normal inflammatory 
response to surgery which may commence pre operatively, inflammatory response is 
discussed in more detail in chapter 7. It is also important to remember that since the subjects 
were pre surgery there was no influence from operative fluid infusions. When scrutinising the 
results it is interesting to analyse any differences between diabetics and non-diabetics as well 
as elemental distribution between constituent parts of the blood and beyond this to consider 
whether there are any clear influences due to the severe heart disease, prescription medication 
or other factors.
Although a set of eleven CABO and eleven Type 2 diabetic CABGs were considered, data 
was not always available for the full set, either because some values were below the detection 
limit or because a particulai' sample was not available for analysis. The number of subjects 
have been indicated in the results tables so the work can be clearly considered by any reader. 
Missing data values may occur because concentrations were below the detection limit for the 
particular technique. PIXE carried out on erythrocytes did not detect Ca in any sample and 
only detected A1 in two CAB G cases and three Type 2 CABG subjects. Ii'on was found using 
FIXE in two plasma samples for both CABG patients and Type 2 CABG patients, this 
indicates possible contamination of red blood cells in the plasma which may have occurred at 
the pipetting stages of the sample preparation process.
INAA of blood from CABG patients found that Na, Mg, Cl, K, Ca, Mn and Br were present in 
greatest concentration in plasma, whereas A1 was greatest in erythrocytes. Results from PIXE 
analysis on blood from CABG patients determined that the greatest concentration of Na, Mg, 
Al, Cl and Ca was in plasma and P, S, K and Fe were in greatest concentration in 
erythrocytes. With blood from Type 2 CABG patients INAA found that Na, Mg, Cl, Ca, Mn 
and Br were present in greatest concentration in plasma, whereas Al and K were greatest in
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erythrocytes. Results from PIXE analysis on blood from Type 2 CABG patients determined 
the greatest concentration of Na, Mg, and Ca was in plasma, P, S, K and Fe were in greatest 
concentration in erythrocytes and the highest concentration of Al was found in whole blood.
Apart from K, INAA found that both in CABG blood and Type 2 blood Na, Mg, Cl, Ca, Mn 
and Br were concentrated the highest in plasma. PIXE found that Na, Mg and Ca were 
concentrated the greatest in plasma and P, S, K and Fe were concentrated greatest in 
erythrocytes, from both CABG and Type 2 patients. So several of the elements detected by 
the two techniques were found to be distributed in the same way between whole blood, 
erythrocytes and plasma. Al was found to vary the most as to it’s location of highest 
concentration and in whole blood appeared to concentrate Al most in Type 2 diabetics when 
detected using PIXE although standard deviations are large. The highest concentration of K 
was found using INAA to be in plasma in CABG patients but in erythrocytes in Type 2 
CABG patients. As was described in the sample preparation chapter Fe, Mg, Mn, P and S are 
reported to be concentrated in erythrocytes and Ca, Cl and Na in plasma [Bow66]. Bowen’s 
findings for plasma agree with the results for CABG patients whether diabetic or not, with the 
exception of the PIXE measurement of Cl. PIXE analysis was also in agreement with Bowen 
that Fe, P and S were present in greatest concentrations in erythrocytes.
When considering whole blood as it would be circulating in the body, the concentration 
ranges for diabetics were greater for Na, Cl, K and Ca determined by INAA and for all 
elements detected by PIXE. The range difference for S and K measured using PIXE was 
slight, however other differences were greater and this suggests that elemental levels of 
diabetics fluctuate more and may reflect the influence of diabetes and associated 
complications on elemental balance. Many of the diabetics were on insulin to control blood 
glucose levels, fluctuating glucose levels are a result of altered metabolism and would cause 
changes in elemental balance, however diabetics in this study were well controlled. 
Elemental changes in plasma are representative of the shorter term balance, whereas 
erythrocytes give an indication of longer term elemental status since the life cycle of red 
blood cells is -120 days. Across both analytical techniques many elements have been found 
to concentrate in plasma which indicates that influence or control of elemental balance is 
achieved by recent events of situations. Hormone changes have a short-term effect on 
elemental levels in blood. Insulin, glucagon, adrenaline, corticosteroid hormones and growth
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hormones all play a role in controlling blood glucose levels. The adrenal glands produce a 
group of hormones called corticosteroids that control the body’s nutrient balance and the 
excretion of salts and water in the urine. Glucocorticoid hormones increase blood glucose 
thereby affecting both carbohydrate metabolism and the levels of liver glycogen. The 
principle glucocorticoid is hydrocortisone (cortisol). It has a mineralocorticoid effect which 
affects the body’s sodium and potassium balance and is often produced in response to stress. 
There is a large difference in the concentration of K in plasma as determined by PIXE and 
INAA, K is intracellular and this may account for differences between techniques and 
therefore plasma may not be representative of the true K levels.
6.3 Elemental Differences between Diabetics and Non-diabetics
Knowing that past research has found elements such as Mg, Mn, Ca and Zn to be altered in 
diabetics it is interesting to examine the differences between the diabetic and non-diabetic 
group for particular elements detected. Adequate Mg levels are important for diabetics since 
Mg is involved in glucose homeostasis through the regulation of glucose transport across cells 
and Mg is a cofactor in several enzymes [Moo99]. Diabetics often experience low Mg levels 
due to increased urinary losses, diuretics greatly exacerbate the situation. None of the 
subjects in the diabetic group were Imown to be taldng diuretics, one of the CABG 1 was 
taking a diuretic (Frusemide). This study finds highest Mg concentration in plasma. Plasma 
Mg levels are slightly lower in diabetics for results from either measurement method. Whole 
blood Mg levels, as it would be in the body, are higher for diabetics than non-diabetics. 
Magnesium depletion has been associated with poorly managed diabetes so these findings 
may be a positive sign that the diabetics in this study are fairly well controlled [Lou98].
Mn is an essential element for the activation of several enzymes. The results found here 
suggest that Mn concentration in whole blood and plasma was higher in the diabetic group. 
Mooradian and co-workers measured serum Mn levels and found it was elevated in diabetics 
compared to non-diabetics [Moo94]. Volkov also observed raised Mn concentration in 
atherosclerosis sufferers [Vol62]. It would be interesting to study a group of healthy 
individuals without ischaemic heart disease and see if the concentration of Mn in their blood 
is lower than either the CABG or Type 2 group. Calcification and rigidification of larger
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elastic arteries may be caused by elevated calcium levels [SeeOO]. Reduced elasticity and the 
presence of calcified plaques will restrict blood flow and hence the transport of nutrients and 
oxygen to the heart and other organs in the body. This study found that for whole blood, 
erythrocytes and plasma Ca was present at highest concentrations in blood from diabetics, this 
may indicate that their arteries may have been more prone to severe atherosclerosis than the 
non-diabetics.
High blood pressure is often associated with high concentrations of Na and low K levels. 
From table 6.1, DM 3, DM 6, DM 9 and DM 11 are Icnown to suffer from hypertension. 
Examination of individual results for whole blood found that apart from the INAA value for 
DM 9, both techniques reported above average concentrations of Na in this subset of 
diabetics. Except for the PIXE result for DM 6 potassium levels in whole blood amongst the 
known hypertensive subjects were not lower than the average value, although the PIXE result 
for DM 9 was similar to the average. The apprehension brought on by waiting for major 
surgery may well increase blood pressure of the patients in this study. Essentiality of 
individual elements has been examined by plotting frequency distribution for the Type 2 
CABG subjects according to each technique in figure 6.1a and b. The overall impression 
from the plots indicates the majority of elements exhibit essentiality by distributing normally. 
Al and Br are not considered essential elements but this is not reflected in the frequency 
histograms produced.
The results of elemental analysis can be used to study the differences between the diabetic and 
non-diabetic groups of CABGs and to see how any such differences vary according to the 
blood component used for analysis. Neutron activation analysis found that concentrations of 
Al, Cl, K, Ca, Mn and Br in whole blood. Mg, Al, K and Mn in erythrocytes and Al, Mn and 
Br in plasma from diabetics were elevated compared to non-diabetics. Using PIXE analysis 
Na, Mg, Al, P, Cl, Ca and Fe in whole blood and Mg, P and K in erythrocytes were found to 
be present in higher concentrations in diabetics. Many of the differences observed between 
diabetics and non-diabetics are not distinct when errors are talcen into account. The Wilcoxon 
rank sum test has been applied to the diabetic and non-diabetic data from both techniques to 
test for significant differences between the two groups [Table 6.4]. Whole blood had more 
significant differences than erythrocytes or plasma.
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Element
Whole blood 
Significance
Erythrocytes
Significance
Plasma
Significance
INAA Na P<0.01 ns ns
Mg P < 0.05 ns ns
Cl P < 0.01 ns ns
K P<0.05 ns ns
Ca P<0.05 ns ns
Mn P < 0.05 ns P < 0.001
Br ns ns P < 0.01
PIXE Na P<0.05 ns ns
Mg P < 0.01 ns ns
Table 6.4: Significant differences in elemental concentration in whole blood from Type 2 
CABG patients and non-diabetic CABG patients.
(ns=not significant)
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Figure 6.1a: INAA histograms of whole blood from Type 2 diabetics.
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6.4 Comparison of Results with other Research
PIXE analysis conducted by Akanle et al. using the ion beam facility at The University of 
Surrey has been referred to for comparison with the results of this work [Aka99]. The 
research carried out by Akanle and co-workers investigated the elemental levels in whole 
blood collected from Nigerian hypertensives and age-matched controls. Using elements 
common to this thesis and the Akanle et al. paper, results have been tabulated for comparison 
[Table 6.7]. Ranges of concentrations for P, K, Ca and Fe are similar for CABG subjects in 
this work and hypertensives from the work completed by Akanle et al although the P 
concentration range in CABG patients does not extend to higher values and is much narrower. 
This is encouraging since many of the subjects in the CABG group are known to be 
hypertensive. Results for CABG subjects appear to be quite different from the values for 
Nigerian controls, with the exception of Fe where the range of concentrations show overlap. 
When considering concentrations obtained for Type 2 CABG subjects only K and Ca are 
within the ranges found for hypertensive subjects.
Neutron activation results using Imperial College’s reactor facility have also been compared 
with another paper by Akanle and co-workers [Aka87]. In the 1987 paper Akanle used three 
counting periods of 60, 300 and 600 seconds to determine the concentration of a range of 
elements in blood and hair from senile dementia, depressive subjects and controls. The group 
of 18 controls have been tabulated for comparison with the INAA results in this chapter 
[Table 6.8]. The control group from the work by Akanle and co-workers comprised 18 
females and the group of CABG subjects comprised 11 males. Weaker similarities are seen 
between the results given in this chapter of the thesis and those of Akanle, than was the case 
for PIXE analysis. Concentrations for Na, Cl and K determined by Akanle and co-workers 
are considerably greater than the ranges found by this research. Often laige differences in 
elemental concentrations between this work and that of Akanle et al are observed. This could 
arise since the subjects are from different countries and English and Nigerian diets are likely 
to be different. Exclusion criteria for this work excluded people with additional 
complications, such as renal impairment. Although the research by Akanle and co-workers 
used careful screening procedures it is not known whether they excluded people with medical 
complications.
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6.5 Correlation
Linear association between two variables can be examined by means of a simple scatter 
diagram which provides a visual indication of the relationship between two characteristics. 
Regression analysis can then be used to give the equation of the straight line but this does not 
indicate how close the relationship is. The close relationship between Na and Cl in the body 
in controlling water uptake into cells is well established. The scatter diagram in figure 6.2 
shows the Na-Cl correlation found in this work for the control group of non-diabetics.
y = 1.19X + 250.70 
= 0.989
3000 -
2000 -
1000
1000 1500 2000 2500
Na concentration (ug/g)
35003000
Figure 6.2: Correlation between Na and Cl concentration determined using INAA in whole 
blood taken from CABG patients prior to bypass surgery.
The degree of association between variables can be described by means of a single value or 
correlation coefficient, r, which give a measure of how closely the characteristics follow a 
linear dependence or otherwise. The correlation coefficient is presented as a value between 
+1 and -1 rather than graphically in the form of a scatter diagram. The correlation coefficient 
for the data plotted in figure 6.2 was found to be 0.989, which indicates a strong positive 
correlation between Na and Cl. An outcome of +1 or -1 reflects the complete dependence of 
one characteristic on another and the sign indicates a direct or inverse relationship. A 
coiTelation coefficient of say +0.35 probably indicates that the two characteristics are unlikely 
to be correlated and perhaps if a larger data set was available the correlation coefficient would 
be 0. It is important to realise that ascertaining a correlation does not mean that a change in 
one characteristic is directly responsible for a change in another but perhaps that an external 
factor is influencing them both in the same way.
inn
Chapter 6; Elemental Status of Diabetics with Ischaemic Heart Disease
Correlation coefficients between elements in whole blood, erythrocytes and plasma have been 
tabulated for each experimental technique [Tables 6.7a, b, c and d]. When taking an overview 
of the correlation tables a large number of correlations have been found and for both 
techniques. Using INAA results for whole blood from Type 2 diabetics, many of the 
coefficients are 0.8 or above which indicates a strong linear relationship between the two 
elements. When considering whole blood, erythrocytes and plasma correlations, the greatest 
number of strong correlations were observed in whole blood. In the case of PIXE data for 
CABG subjects some correlations have not been determined because FIXE was not able to 
detect the element at all or only reported a few concentiations for that particular element (i.e. 
poor detection limits).
Examination of the correlation coefficients in general reveals several coefficients close to 1, 
indicating a strong linear correlation. Looking at the correlation tables for CABG subjects, 
Na-Cl shows a strong relationship as expected, but INAA results indicate the relationship to 
be weaker in erythrocytes, this may tie in with earlier results that Na and Cl were concentrated 
the greatest in plasma. PIXE found the Na-Cl correlation to be weakest in whole blood and 
the strongest correlation is in plasma, which is the blood component found by PIXE to 
concentrate Na and Cl the highest. Other strong correlations (>0.9) found using INAA data 
include Mn-Mg in whole blood, Mg-Cl, Mg-Ca, Mg-Mn, Ca-Mn and Cl-Br in plasma from 
CABG patients. Particularly weak linear correlations were determined for Na-K, Al-Br, Cl- 
Br, K-Br, Ca-Br in red blood cells and K-Mn in plasma. Sti'ong correlation coefficients 
amongst the PIXE results were found for Na-Mg, S-K, and K-Fe in whole blood, Na-Cl in 
erythrocytes and Na-Mg, Na-Al, Mg-Al, Na-S, Al-S, Na-Cl, Al-Cl, S-Cl, P-Ca, S-Ca and Cl- 
Ca in plasma. Plasma is the main substance that carries nutrients in the blood and so it would 
follow that strong elemental relationships may be observed in that medium. Elemental levels 
in plasma reflect short-term changes, which could be related to the stress of preparing for a 
major operation. From PIXE results for the CABG subject group the least strong linear 
relationships were observed between Al-S, P-Cl, Al-K, Na-Ca, Cl-Ca, K-Ca, S-Ca and Na-Fe 
in whole blood and Mg-P, Mg-S and S-K in erythrocytes.
Using INAA data on Type 2 diabetics, strong linear correlation was determined between Na- 
Mg, Mg-Al, Na-Cl, Mg-Cl, Mg-K, Al-K, Cl-K, Na-Ca, Mg-Ca, K-Ca, Na-Mn, Mg-Mn, Cl- 
Mn and Ca-Mn in whole blood, K-Ca, Cl-Mn, K-Mn and Ca-Mn in red blood cells and Na-Cl
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in plasma. PIXE results found strong relationships for Na-Mg in whole blood, Al-Fe in 
erythrocytes and Na-Mg, Mg-Al, Mg-S, Al-S, Mg-Cl, Al-Cl, S-Cl, Al-Ca, S-Ca and Cl-Ca in 
plasma. So PIXE analysis of elemental concentrations in diabetic blood showed some 
agreement with non-diabetic CABG results in that the highest number of correlations were 
seen in plasma. S plays various important roles in the body, as a constituent of vitamin Bi 
and several essential amino acids. It is needed for the manufacture of collagen, which helps 
form healthy bones, tendons and connective tissue and S is a constituent of keratin, vital for 
healthy hair, skin and nails. Several correlations have been found between between S-Ca, this 
may reflect their shared roles in bone and nail formation.
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Mg Al
Type 2 C 
Cl
ABGWh(
K
)le Blood 
Ca Mn Br
Na 0.952 0.816 0.973 0.849 0.904 0.918 0.709
__ Mg 0.915 0.969 0.950 0.960 0.973 0.689
Al 0.869 0.928 0.896 0.874 0.610
Cl 0.920 0.893 0.904 (1788
K 0.911 0.894 0.713
Ca 0.969 0.567
Mn 0.562
Mg Al
Type 2 C 
Cl
ABG Ery 
K
thiocytes
Ca Mn Br
Na 0.861 0.497 0.722 0.728 0.745 0.769 0.408
Mg 0.605 0.825 0.787 0.803 0.854 0.473
Al 0.715 0.808 0.738 0.709 0.472
Cl 0.879 0.872 0.943 0.773
K 0.955 0.934 0.568
Ca 0.910 0.491
Mn 0.586
Mg Al
Type:
Cl
I CABG F 
K
*lasma
Ca Mn Br
Na 0.713 0.514 0.983 0.119 0.573 0.880 0.087
Mg 0.763 0.737 0.367 0.033 0.779 0.528
Al 0.451 0.626 0.285 0.716 0.118
Cl 0.018 0.629 0.834 0.142
K 0.407 0.459 0.231
Ca 0.226 0.215
Mn 0.143
Table 6.7a: Correlation coefficients between elements following INAA on blood collected
from Type 2 CABG patients.
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Mg Al
Type
P
Î 2 CABG 
S
Whole B 
Cl
lood
K Ca Fe
Na 0.987 0.684 0.305 0.696 0.893 0.457 0.675 0.111
Mg 0.701 0.348 0.746 0.877 0.485 0.665 0.109
Al 0.572 0.486 0.813 0.516 0.580 0.349
P 0.724 0.520 0.747 0,656 0.601
S 0.623 0.836 0.628 0.076
Cl 0.390 0.888 0.308
K 0.328 0.085
Ca 0.566
Mg Al
Typ
P
e 2 CABC 
S
r Erythroc 
Cl
ytes
K Ca Fe
Na 0.358 0.216 0.442 0.655 (1785 0.685 0.034 0.280
Mg 0.823 0.482 0.412 0.187 0.594 0.090 0^98
Al 0.681 0.260 0.005 0.224 0.405 0.984
P 0.521 0.484 0.589 0.335 0.586
S 0.867 0.546 0.289 0.029
Cl 0.544 0.147 0.018
K 0.404 0.203
Ca 0.203
Mg Al
T
P
ype2CA
S
BG Plasm 
Cl
la
K Ca Fe
Na 0.970 0.853 0.371 0.823 0.884 0.425 0.748 0.127
Mg 0.950 0.534 0.900 0.963 0.472 0.857 0.008
Al 0.718 0.960 0.984 0.592 0.958 0.199
P 0.781 0.697 0.655 0.762 0.597
S 0.942 0.749 0.955 0.273
Cl 0.540 0.931 0.155
K 0.759 0.250
Ca 0.224
Table 6.7b: Correlation coefficients between elements following PIXE analysis on blood
collected from Type 2 CABG patients.
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Mg Al
CAB<
Cl
3 Whole 1 
K
31ood
Ca Mn Br
Na 0.574 0.766 0.991 0.525 0.434 0.583 0.815
Mg 0.709 0.580 0.526 0.818 0.962 0.504
Al 0.754 0.634 0.711 0.758 0.547
Cl 0.511 0.486 0.572 0.851
K 0.552 0.685 0.274
Ca 0.768 0.416
Mn 0.457
Mg Al
CAB
Cl
G Erythro 
K
cytes
Ca Mn Br
Na 0.685 0.364 0.625 0.168 0.632 0.895 0.416
Mg 0.751 0.593 0.702 0.741 0.864 0.297
Al 0.173 0.511 0.520 0.631 0.055
Cl 0.329 0.821 0.747 0.035
K 0.242 0.444 0.161
Ca 0.774 0.161
Mn 0.245
Mg Al
a
Cl
\BGPlasi
K
na
Ca Mn Br
Na 0.883 0.439 0.935 0.554 0.870 0.796 0.860
Mg 0.493 0.928 0.303 0.965 0.933 0.896
Al 0.519 0.487 0.562 0.243 0.595
Cl 0.581 0.897 0.831 0.929
K 0.233 0.055 0.609
Ca 0.925 0.831
Mn 0.766
Table 6.7c: Correlation coefficients between elements following INAA on blood collected
from CABG patients.
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Mg Al
(
P
:ABG W1
s
lole Blooc 
Cl
1
K Ca Fe
Na 0.970 0.592 0.832 0.014 0.647 0.103 0.099 0.068
Mg 0.623 0.684 0.342 0.786 0.290 0.282 0.185
Al 0.219 0.026 0.360 0.003 0.719 0.182
P 0.394 0.194 0.415 0.210 0.674
S 0.701 0.968 0.044 0.847
Cl 0.574 0.196 0.404
K 0.139 0.937
Ca 0.566
Mg Al P
CABGEr
S
ythrocytes
Cl K Ca Fe
Na 0.706 — 0.277 0.271 0.976 0.647 — 0.398
Mg — 0.046 0.105 0.598 0.325 — 0.238
Al
P 0.264 0.399 0.851 — — 0.386
S 0.294 0.123 — 0.522
Cl 0.757 — 0.383
K — 0.433
Ca —
Mg Al P
CABG
S
Plasma
Cl K Ca Fe
Na 0.941 0.945 0.703 0.938 0.944 0.427 0.804 —
Mg 0.935 0.568 0.893 0.883 0.566 0.641 —
Al 0.817 0.990 0.984 0.568 0.850 —
P 0.866 0.866 0.307 0.958 —
S 0.998 0.514 0.912 —
Cl 0.506 0.921 —
K 0.288 ——
Ca —
Table 6.7d: Correlation coefficients between elements following PIXE analysis on blood
collected from CABG patients.
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6.6 Cluster Analysis
Hierarchical cluster analysis has been carried out on the data obtained from this research 
using ClustanGraphics Primer [Wis99]. Clustering is a statistical method that details 
similarities or dissimilarities between data. Initially the Clustan package considers each data 
set as a cluster which it then groups or fuses with other clusters until one cluster is achieved. 
The resultant information is displayed as a dendogram or tree diagram with fusion values 
represented by the horizontal scale and individual cases on the vertical axes. The dendogram 
can be cluster paititioned down to the 95% confidence level to examine clusters within the 
data. For each cluster one case is underlined indicating that it is most representative of that 
group. Since relatively homogeneous clusters were of interest for this work, squared 
Euclidean distance and increase sum of squares were used to compute proximities and hence 
find clusters, following the recommendation in the ClustanGraphics manual. The proximity 
data are calculated using squared Euclidean distance given by,
, w ,
V
where, for each variable j, XijXhj = values in cases i and h
V = number of variables
Increase Sum of Squares
(6.2)
where for each variable j, Xy = the value in case i
//pj = mean in cluster p
V = number of variables
A ‘best cut’ function is available in the ClustanGraphics program which carries out 
significance tests on the fusion values and from this defines the cluster partitions. The last 
partition value being significant at the 5% level and as presented is shaded on the dendogram.
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6.7 Discussion of Clustan Analysis of Blood from CABGs and Type 2 CABGs
Cluster analysis has been conducted to examine any differences in the elemental status 
between CABG and Type 2 CABG patients for whole blood, erythrocytes and plasma 
collected prior to bypass surgery [Figure 6.3a and b]. Considering all elements detected in 
whole blood using INAA the best cut was found to be three clusters (P<0.0001), if one 
considers the two cluster paitition it is also highly significant [Figure 6.3a]. All values have 
been serialised with the result that each case is closest in resemblance to its neighbour. Thus 
if one considers partitioning at the 2 cluster level, although crossing the cluster boundary a 
group of 7 consecutive CABG patients and 8 consecutive Type 2 CABG patients are clearly 
distinguished from each other. This as we might expect indicates a significant difference 
between elemental levels of Type 2 diabetics and non-diabetics. In the central region of the 
dendogram cases DM 7, DM 9 and DM 10 were mixed in with CABG 2, CABG 1, CABG 4 
and CABG 3. Examination of the medical histories for the patients in the central region of the 
dendogram does not find any common characteristics between subjects that may explain this 
pattern. If a larger analysis population had been available perhaps the distinction between 
CABG patients and Type 2 CABG patients would have been more clearly defined. The area 
where CABG and Type 2 CABG are mixed may indicate CABG patients with a tendency 
towards the development of diabetes in the future. Using elemental data for all elements 
detected by PIXE analysis the same distinction between groups cannot be made, two clusters 
have been defined (P<0.0001). The groups defined by Clustan separate DM 7, DM 9, DM 8 
and DM 10 from all other CABG and DM values. Overall there is a pattern of grouping of 4 
or 5 cases from each category which makes it hard to draw conclusions. It appears that if 
partitioning was significant at the three cluster level, that two sets of diabetics may be found, 
comprising the first and second cluster, that are separated by the group of mainly CABG 
patients.
When erythrocyte data from INAA and PIXE were examined using Clustan, the best cut 
produced two and three clusters, respectively, for each technique with a significance of 
(P<0.0001) respectively. The cases comprising each group were not the same across the two 
measurement techniques. The dendogram produced from INAA of erythrocytes determined 
two clusters, the second cluster containing predominantly Type 2 diabetics. In the case of 
erythrocyte concentrations found using PIXE the three clusters contained 11,7 and 2 cases 
respectively and within these clusters 5, 5 and 1 of these cases are Type 2 CABGs. Therefore
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the greatest concentration of DM cases is found in the second cluster, suggesting it may be the 
group most representative of erythrocytes from Type 2 diabetics measured by PDCE.
Within the dendogram of plasma found using INAA three clusters have been distinguished 
(P<0.001). The third cluster is entirely diabetics comprised of DM 6, DM 7, DM 8, DM 9 
and DM 10. The first cluster is made up entirely CABGs, namely CABG 7, CABG 10, 
CABG 6, CABG 3 and CABG 9. Between these two clusters there is a merging of the two 
categories under investigation however the dilution of CABG into DMs weakens as the reader 
moves closer to the third cluster, as does the dilution of DMs into CABGs towards the first 
cluster. Cluster analysis of the PIXE data from plasma samples defines two clusters 
(P<0.0001), the first cluster dominating DM with 7 cases and the second cluster just four DM 
cases. In this dendogram there are two main areas of DM results, four (DM 9, DM 2, DM 1 
and DM 5) in the first cluster and four (DM 3, DM 7, DM 6 and DM 10) blurring the 
boundary between the two clusters defined by Clustan.
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C A B G 7  W B
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C A B G  12  W B  
C A B G S  W B  
D M  7  W B  
C A B G 2  W B  
D M 9  W B
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C A B G  4  W B  
D M  1 0  W B  
C A B G 3  W B  
D M  2  W B  
D M  S  W B  
D M 4  W B  
D M S  W B  
D M  11 W B  
DM3 WB 
D M  1 W B  
D M  6  W B
D M  8  RB 
C A B G 7  R B  
D M  4  RB 
C A B G S  RB 
D M  1 RB 
C A B G 9  RB 
D M  7  RB 
DM 11 RB 
C A B G  1 RB 
C A B G 6  RB 
C A B G 4  RB 
C A B G S  RB 
D M 9 R B  
C A B G 2 R BGABcaia
D M 2 R B  
D M 3 R B  
D M 6 R B  
D M  10  RB 
D M  S  RB
C A B G  7  P B
CABgff PB
C A B G  3  P B
C A B G  9  P B
C A B G  2  P B
C A B G  1 P B
D M  1 P B
C A B G  4  P B
D M  4  P B
D M  2  P B
C A B G  8  P B
D M  3  P B
D M  6  P B
D M  7  P B
D M S  P B
D M  9  P B
D M  10 P B
Figure 6.3a: Cluster analysis of elemental concentrations in pre whole blood,
erythrocytes and plasma from type 2 diabetics and non-diabetics using INAA.
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Figure 6.3b: Cluster analysis of elemental concentrations in pre whole blood, 
erythrocytes and plasma from type 2 diabetics and non-diabetics using PIXE Analysis.
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6.8 Conclusions
Diabetes is one of the fastest growing diseases today. Both INAA and PIXE analysis have 
been used as measurement tools to determine the concentrations of a range of elements, INAA 
detected seven elements and PIXE detected eight. This work has focused on two main 
aspects; differences in elemental distribution in whole blood, erythrocytes and plasma and 
secondly differences in elemental concentrations between blood collected from Type 2 
diabetics and non-diabetics admitted to hospital for coronary artery bypass graft surgery. 
Patients studied were all pre surgery and therefore not influenced by the procedures during the 
operation. However most subjects were taking prescription medication prior to admission to 
St. George’s Hospital.
Distribution of elements varies according to the component of blood. Great cai*e must be 
taken when separating whole blood into erythrocytes and plasma to eliminate all red cells 
from the plasma. Both experimental techniques found that Na, Mg and Ca were most highly 
concentrated in plasma for both sets of diabetic and non-diabetic subjects. PIXE analysis 
found that P, S, K and Fe were concentrated in erythrocytes collected from either subject 
group. For other elements there was not always total agreement across the experimental 
methods and across the two subject groups. Correlation coefficients have been produced to 
examine relationships between elements. The greatest number of correlating elements for 
both techniques were found to be in plasma. Elemental changes in plasma indicate that short­
term influences may be important. If long-term factors affect elemental levels less, perhaps 
there is something specific to the run up to surgery that induces changes, or reflects that the 
need for a bypass operation is urgent. INA analysis of whole blood found that the 
concentration ranges for diabetics were greater for Na, Cl, K and Ca and with PIXE all ranges 
were larger than non-diabetics, indicating increased elemental fluctuations amongst diabetics 
and may reflect altered metabolic status.
Several researchers have reported that alterations in elemental concentrations play a role in 
diabetes [Moo87, Bha94]. Much of the research carried out focuses on the effect of Cr, Mg 
and Zn levels. Heait disease is present in a high proportion of diabetes related deaths but 
despite this little is known about the elemental status of sufferers of both diseases [Her99]. 
Diabetic subjects taking part in this study have higher concentrations of several elements 
compared to non-diabetics. This is somewhat unexpected since diabetics are often found to
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suffer from deficiency of elements such as Mg. The majority of significant differences found 
between elemental concentrations in blood from Type 2 CABG patients and non-diabetic 
CABG patients were in whole blood. Elemental differences may be due to hormonal 
imbalances associated with heart disease and imminent surgery. Concentration ranges for Na, 
Cl, K and Ca in whole blood analysed with INAA and all detected elements analysed with 
PIXE were wider for diabetics. This may indicate that diabetics experience greater elemental 
fluctuations and may reflect a continually changing metabolic status. Depleted Mg has been 
associated with poorly controlled diabetes [Lou98]. High blood pressure is associated with 
high Na levels, this was reflected in the higher than average Na concentrations found by both 
measurement techniques for known hypertensives DM 3, DM 6 and DM 11. Cluster analysis 
of diabetic and non-diabetic results makes a definite distinction between the two states. 
Although the difference in the elemental status of diabetics is not always defined by exact 
cluster boundaries, the sequential nature of represented data differentiates between Type 2 
diabetics and non-diabetics awaiting coronary artery bypass grafting surgery.
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7.1 Introduction
Coronary Artery Bypass Grafting (CABG) is a common operational procedure carried out to re­
route the heart’s blood supply to avoid a blocked artery [Figure 7.1]. Such a blockage 
(ischaemia) can cause the person to suffer angina (tightening of the chest) and mycocardial 
infarction (heart attack), both of which can be extremely painful and may be life threatening. 
Without CABG the blood supply to the patient’s heart would be restricted and therefore oxygen 
received by the heart becomes diminished. As a result of the reduced oxygen supply to the heart, 
cells will become damaged and probably die which in turn will lead to malfunctioning of the 
heart and possible death of the patient.
In the UK 10,000 patients undergo coronary bypass surgery each year [Smi99]. At the start of 
surgery access to the heart is gained by making an incision along the length of the patient’s chest 
and opening the pericardium (membrane surrounding the heait). The healthy vein which is going 
to be grafted into the heart is extracted from elsewhere in the patient’s body, usually from the 
saphenous vein in the top of the leg. Prior to the grafting taking place the patient is connected to 
the bypass machine which provides a means of artificially controlling the heart and lungs during 
the procedure. Blood flow through the bypass machine is continuous, initially at a rate of 2.4 x 
BSA and then dropping to 1.6 x BSA after about 45 minutes. BSA refers to the base surface 
area, which is derived from a formula that takes into account the weight and height of the 
individual undergoing surgery. Throughout the operation priming fluid is introduced into the 
blood by the bypass machine. The priming fluid comprises four solutions, Hartman’s solution, 
Mannitol solution. Heparin and St Thomas’ solution. Any of these solutions could influence the 
elemental balance in blood and so details of manufacturers composition have been included for 
reference [Appendix 6]. The healthy vein is then sewn to the aorta above and below the 
blockage. The grafting process can be repeated if the patient has more than one blocked artery. 
The bypass machine was fitted, in this procedure, with an Avecor 40jiim filter, which filters dead
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cells and blood clots from the blood that has circulated through the machine before it returns to 
the patient. At the end of the operation the bypass machine is switched off allowing blood to 
flow back into the coronary arteries and the pericardium and chest are closed. Usually the patient 
is moved to ITU for close monitoring of progress. In some cases the patient may be considered 
fit enough to return to the ward immediately after surgery. The female patient (CABG 10) that 
took part in this study was not put on the bypass machine but instead went down the ‘fast track’ 
route. On the fast track route her body temperature was kept low throughout the operation and 
no bypass machine was used. As a result the patient did not spend time in ITU as the operation is 
simpler and less recovery time is needed. Duration of the bypass operation varied from the 
quickest taking just forty-five minutes to the five and a half hours for CABG 11. At 72 this male 
subject (CABGl 1) was the oldest person to take part in this study. The forty-five minute bypass 
operation was carried out on CABG 10, the only female subject in this group. A large variation 
in the length of time of bypass surgery is observed for subjects in this study. Other studies report 
more consistent duration time for the operation, in 67 patients Al-Bader et al. recorded that the 
mean bypass time was 81 ± 31 min, another study conducted by Yaylim et al. found the mean 
bypass time for 15 patients was 80.8 ± 18.1 min [A1-B98, YayOl]. The time taken for the surgery 
increases when more than one vessel has ischaemia and needs to be bypassed. Also location of 
the diseased vessel or vessels is critical in determining the duration of the operation. Vessels 
anterior to the heart are relatively easy to operate on whereas vessels posterior to the heart are 
more technically demanding since the diseased vessels aie difficult to access and the heart has to 
be ‘lifted’ to enable the surgery to be carried out. Surgery on CABG 11 took over five hours 
because he had four vessel disease. Following the operation patients are said to be in the 
haemodilution period, this describes the post operative period when the blood still contains 
priming fluid added during the bypass operation, eventually the priming fluid will be excreted 
naturally.
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Pre bypass surgery
Superior vena cava
Inferior vena cava
Ascending aorta 
Pulmonary artery
Diseased coronary artery
Affected area
Coronary arteries
Post bypass surgery
Left coronary artery
Right coronary artery Grafted vessel
Figure 7.1: Diagram of coronary artery bypass graft.
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Restricted blood flow in blood vessels results in a rise in blood pressure. Blood pressure can 
become raised due to stress or activity and naturally increases with age due to reduced 
elasticity of blood vessels. Many of the subjects who took part in this study were 
hypertensive, this describes a condition of abnormally high resting blood pressure. 
Hypertension is typically defined when blood pressure consistently exceeds 160mm Hg 
systolic (blood entering aorta from heart) and 95mm Hg diastolic (relaxed period between 
heart beats) however it is age related [Smi99]. A forty year old man has a 20% increase risk 
of heart disease with each 10mm Hg. In the UK 10-20% of the adult population suffer from 
hypertension and is more common amongst men than women [Smi99]. Hypertension is 
linked to numerous health risks including stroke, heart failure, coronary artery disease and 
over time can cause kidney damage and retinopathy. Full recovery from cardiac surgery can 
take three months or more and leave the patients with permanent scars.
Operations of any Idnd put the body under considerable stress. As a result of the procedures 
and the associated stress considerable changes can take place in the body, such as atrial 
fibrillation and hyperglycaemia. Atrial fibrillation is an increase in the excitability of the 
atrial muscles, leading to abnormal beats from ectopic foci in the atria. Atrial fibrillation 
causes the heart rate to become rapid and irregular. The two upper chambers of the heart, the 
right and left atria, beat fast and irregularly. Normal transport of the information of the atrial 
beats takes the form of electrical impulses which travel to the ventricles (lower chambers of 
the heart). In a person suffering from atrial fibrillation normal pulse activity is disturbed and 
does not reach the ventricles and as a result the ventricles beat at a rate of 80-160 beats per 
minute. Atrial fibrillation can also occur in a non-surgical situation, onset can be rapid with 
the person experiencing a racing heart beat or chest pain due to reduced blood flow. In people 
unaware of any heart problems atrial fibrillation can go undetected, which without treatment 
exposes the person to further serious heart problems. Circulating blood can be reduced by 
30% due to the inefficient pumping of the heart associated with atrial fibrillation. Typically 
atrial fibrillation is caused by narrowing of blood vessels associated with coronary heart 
disease and occurs more frequently after a myocardial infarction. People with a history of 
atrial fibrillation are typically prescribed drugs, such as digoxin, amiodarone and 
anticoagulants, to control the cardiac output. Digoxin acts to improve the action of the heart 
by increasing the force of contractions of the heart muscle and slowing down rapid impulses 
between the atria and the ventricles. Patients found to have recent onset of atrial fibrillation 
can be given a cardioversion (short electric shock to the heart) as well as a course of drug
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treatment to hopefully restore normal sinus rhythm. Eight of the twelve CABG subjects in 
this study developed temporary hyperglycaemia for a period of up to 20 hours following 
completion of the surgery. As a result of the hyperglycaemia these patients were given an 
insulin infusion to bring down their blood glucose levels. Severe infection, stress and 
diabetes can all cause hyperglycaemia.
Elemental imbalances have been connected with various diseased states. As reviewed in 
Chapter 2, some research has considered changes in elemental concentrations as a result of 
heart disease and potential benefits of supplementation. Limited literature was found that had 
looked at the effect of the CABG operation on the balance of elements and was one of the 
reasons this study was instigated. This chapter investigates the elemental concentrations in 
whole blood from people suffering from Ischaemic Heart Disease taken at various stages of 
CABG. All CABG operations took place in the Cardiac Unit at St. George’s Hospital in 
Tooting, London. Whole blood was selected for analysis to provide a picture of the elemental 
levels in blood in its entirety as it would be circulating around the body. In the future it will 
be interesting to expand on the work started here and see how elemental concentrations vary 
between erythrocytes and plasma as well. Blood was collected at three different stages of the 
operation, pre (Ih before operation), post (1-2 hours after operation) and recovery (24 hours 
after completion of the operation), usually during recovery in the Intensive Care Unit. At 
each collection stage blood was obtained from an established catheter in the patient’s arm 
using a clearly labelled Li Heparin vacutainer. Following collection the sample was taken to 
the clinical biochemistry laboratory within St. George’s Hospital for manipulation. Freezing, 
lyophilisation, homogenisation and pelletising was carried out according to the strict protocol 
previously described in chapter 5 on sample collection and preparation. Once pelletised the 
whole blood sample was either placed in a polyethylene container ready for IN A A or attached 
to aluminium plates in preparation for PIXE analysis.
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Prior to the operation all patients have a tube inserted down their throat to aid breathing 
during the procedure. Following the operation, the time taken before removing the tube from 
the throat is known as the extubation time. Muscle weakness can be a reason for long 
extubation times of several hours. For the bypass patients investigated in this research the
most common extubation time was eight hours. Post CABG blood loss can be observed from 
the blood drain required by most patients and for the subjects who took pail in this research if 
possible their blood loss was recorded. The amount of blood loss following surgery of any 
sort varies from person to person and according to particular surgical processes. In the 
CABG group used in this work the average blood loss was 1066mL ± 558mL.
During coronary artery bypass grafting described so far the heart is stopped and a bypass 
machine is used to act as the heart and lungs of the patient. There is a relatively new method 
that allows the surgeon to carry out the grafting while the heart is beating, CABG 3 and 
CABG 11 are ‘octopus’ patients [Table 7.3]. The octopus is an instrument that immobilises a 
small region on the surface of the heart where the graft is needed, whilst the rest of the heart 
remains beating. Once the surface region of the heart is still the surgeon is able to perform a 
bypass graft. Use of the octopus may reduce the risks to the patient, as well as being less 
costly than using a bypass machine.
7.2 Subject Selection
Subjects selected for this study were all suffering from Ischaemic Heart Disease (IHD). 
Details of the subjects selected are tabulated and when available information concerning the 
operative procedure of CABG is given [Tables 7.2, 7.3 and 7.4]. Bracketed figures in the 
table indicate the duration of the condition detailed in that column. Blood samples from 
eleven male CABG subjects and one female CABG subject were analysed in this study. The 
one female has been included in this study since the elemental concentrations measured for 
her were comparable to values found for males. Table 7.1 has been included for the reader’s 
observation and displays the concentrations in whole blood from the female CABG 10 patient 
aged 67 and a male CABG 2 patient aged 68, as well as the mean concentrations for the 
eleven males. Ideally more subjects would have been analysed, as well as a better balance 
between the sexes, however there were restrictions on the number of samples that could be 
collected due to the suitability of patients admitted to St. George’s for surgery during the
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period of sample collection. The age range of participants in the study were between 51-72, 
with an average age of 63 ± 7 years.
INAA (|xg/g) FIXE (ttg/g)
Element CABGIO CABG 2 Male CABG 10 CABG 2 Malefemale male average female male average
Na 2716 2546 2186 + 469 2637 2698 2756 ±441
Mg 63 70 64+13 356 319 319 ±57
A1 1.35 1.23 1.13 ±0.30 3.30 4.74 3.08 ±1.01
P — — — 187 197 217 ±19
S — — — 996 1257 1288 ±176
Cl 3348 3273 2856 ±565 2793 2586 2777 ± 388
K 1244 1495 1486 ±402 861 1006 1108 ±137
Ca 153 120 109 ±34 33 39 42 ± 6
Fe — — " —..— 375 162 282 ±137
Mn 0.34 0.36 0.33 ±0.07 — — ............
Br 7.17 4.59 4.0 ±1.43 — — ----------
Table 7.1: Comparison between elemental concentrations in the female subject CABG 10, a
male subject CABG 2 and the male average.
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Subject Age Sex Samplesanalysed
Medical
history
CABG 1 66 M pre, post, recovery 3VD, high cholesterol
CABG 2 68 M pre, post, recovery high cholesterol
CABG 3 54 M pre,recovery MI 96
CABG 4 67 M pre, post 3VD
CABG 5 51 M pre, post, recovery angina, high cholesterol
CABG 6 54 M pre, post, recoyery
hypertensiye, high 
cholesterol
CABG 7 56 M pre, post, recoyery
MI 95, angina, 
hypertensive, chronic 
psoriasis
CABG 8 65 M pre, post, recoyery 3VD, CVA 4y ago, angina
CABG 9 69 M pre, post MI 87, high cholesterol, carotid disease
CABG 10 67 F pre, post, recoyery —
CABG 11 72 M pre, post, recovery
4VD, high cholesterol, 
hypertensive
CABG 12 62 M pre, post, recoyery
3VD, hypertensive, PVD, 
gout, MI 93
Arithmetic mean 63 ±7 — — - ......
Range 51-72 — — —
C ABG
3V D
4V D
PVD
MI
Fast track
coronary artery bypass graft 
three vessel disease 
four vessel disease
peripheral vessel disease (pain in the legs and arms due to narrowing o f  blood  
vessels —> restricted blood flow ), 
myocardial infarction 
no ITU stage__________________________
Table 7.2: Pre operative information on CABG patients.
191
II
1 1■a Ü
I
g
I
II
A
I
Î
I
Ü
u
ON
It
U u
00
f
U
I(S
U U
Ü
u
I
I '
o
u
T)
u
I
■ i 'ioo o in \o >n (s
t
I
.a .a
CO CO
+1 I 
00 <N
<D
W)
iO
u
§
I
I
CO
i
¥00
Ü
U
CNo
u
(D
pui
u
.3  O
-9oa
u u
I
I
u
ÇUXJ
ÇT <D
y ^
"6 T)
1Ü
3
§
I
I
I
(S
I
Chapter 7: Elemental Concentrations in B lood from Subjects at Stages o f  Coronary Artery Bypass Grafting
7.3 Elemental Concentrations
Proton Induced X-ray Emission and Instrumental Neutron Activation analysis using short­
lived radionuclides have been used to analyse whole blood samples. Blood was collected at 
the pre, post and recovery stages of coronary artery bypass grafting at St. George’s Hospital. 
Samples were dried and pelletised according to preparation procedures described in chapter 5. 
The neutron activation irradiation schedule carried out at Imperial College’s reactor facility 
was 5 minutes irradiation followed by two minutes waiting time and then five minutes of 
counting. For PIXE analysis a 1.6 MeV proton beam was scanned across each sample. For 
each analytical method elemental concentrations expressed in ju,g/g fresh weight have been 
quoted as an arithmetic mean, geometric mean and range [Table 7.5a and b]. Relatively large 
errors observed in arithmetic values indicate that data may well be non-normally distributed 
and suggest that geometric means may be more representative.
Neutron activation analysis found a great increase in all detected element concentrations in 
the post operative stage immediately after surgery. Elemental concentrations of Na, Mg, Al, 
Cl, K, Ca and Mn decrease in the recovery period but do not return to the low value measured 
in the pre operation phase. By the recovery phase the mean Br level is below the value 
measured for pre operative samples. PIXE analysis of whole blood collected prior to the 
operation found concentrations of Na, Mg and Al to be higher than when measured using 
INAA. Examining the change in elemental levels in whole blood across the stages of 
operation PIXE found that Na, Mg, Al, and Fe were highest immediately after the surgery in 
the POST stage. Concentrations of P, S, Cl, K and Ca however were highest in the recovery 
phase. When the errors associated with the concentration of S, Cl, K and Ca are taken into 
account there is no significant difference between the post and recovery stages for these 
elements. PIXE analysis of whole blood collected in the recovery phase of a bypass operation 
was unable to detect Al or Fe in any of the subjects and only one value was measured for 
recovery Mg.
Immediately after bypass the patient is in the haemodilution period, and therefore the blood 
may still contain traces of priming solutions added during the surgery and which will be 
naturally excreted over time. Examination of appendix 6 shows that priming solutions used 
during bypass grafting surgery contain Na, Mg, K, Cl and Ca which may get added to the 
blood of the patients. Earlier in the literature review chapter of this thesis Na, K and Ca have 
been reported as elements
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that have a big impact on cardiac function in various ways [Tol96]. Elevated levels of K or 
Na can block the generation of action potentials and the inflow of Ca causing a decline in 
heart rate and contractility. Priming fluids have been manufactured to comprise substances 
and elements that are beneficial to the surgical patient. Low heart rate has been associated 
with high levels of K or Na in blood. If Na, Mg, K, Cl and Ca are beneficial to the patient 
during the operation the question has to be asked as to whether they could be a beneficial 
supplement to the patient in recovery or beyond. A further question to be answered is how 
long do these fluids contribute to the elemental concentration in the blood from bypass 
patients. The longer that duration of the operation the greater the exposure to the priming 
solutions and perhaps a different response is seen in the patient. The addition of these 
elements may affect the balance of other elements in blood through synergistic or antagonistic 
relationships.
Limited research into elemental changes during bypass surgery was found for comparison 
with the results of this work. Al-Bader and co-workers used atomic absorption 
spectrophotometry to measure serum trace elements, Zn, Se, Mg, Mn and Cu, prior to bypass 
at 30, 60 and 90 minutes into the operation and then 30 minutes, 24 hours and 5 days after 
surgery in 67 patients [A1-B98]. Just 30 minutes into the surgical process serum Zn had 
decreased by almost 50% of the preoperative value (1.1 ±0.17 |igmL"  ^ 0.5 |XgmL' )^ and 
remained low throughout the study. Simultaneously a sharp increase in Cu levels were 
measured between the pre operative value and 60 minutes into the surgery (0,68 ± 0.26 
|igmL‘  ^ —> 1.05 ± 0.17 (igmL'^). Concentration of Cu increased at the start of bypass but 
then decreased, reaching normal levels on the fifth day of recovery. Post bypass Zn levels 
increased but 5 days into the recovery period had not returned to preoperative values. Serum 
Se concentrations shaiply decreased during the operation but also returned to preoperative 
values on day five of recovery. No significant changes were recorded for Mg and Mn 
concentrations. Al-Bader et al. postulate that bypass patients could benefit from 
administration of Zn and Se during the operation but point out that this is still controversial.
Atomic absorption spectrophotometry was also used by Yamlin et al. to determine serum 
concentrations of zinc and copper from 15 patients before bypass, 30 minutes into the surgery, 
30 minutes after completion and then on day 1, 2 and 3 of recovery [YayOl]. Copper 
concentrations decreased from 14.78 ± 1.02 |imol/L before the surgery to 9.9 ± 0.81 |j.mol/L 
30 minutes into the bypass to 7.31 ±1.3 jLimol/L by the third day, which is below normal.
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Zinc levels increased in the first 30 minutes of bypass and remained high throughout the 
operation, eventually returning to baseline values on the third day of recovery. These results 
observe an increase in Zn and a decrease in Cu which contradicts the work of Al-Bader and 
colleagues and requires further investigation. Both studies determine a change in elemental 
concentrations as a result of the bypass operation but restrict the focus of the research to Zn 
and Cu since they are known to influence cardiovascular homeostasis.
Any operation carries a risk of infection from bacteria and viruses. The immune system is a 
collection of cells and proteins that protect the body from harmful micro-organisms. Various 
defence systems protect the body including, phagocytes (white blood cells) and inflammatory 
response. As soon as a bypass operation commences inflammation occurs as the body’s 
response to the invasion. At the site of operation inflammation manifests as redness, pain, 
swelling and heat. If microbes enter the body chemicals such as histamine are released, blood 
vessels at the site widen and fluids from the blood leak into surrounding tissue. This helps 
phagocytes and complement (plasma proteins) to travel to the site where they attack and kill 
the microbes. Complement describes a group of plasma proteins activated by interactions 
between antigens (trigger immune response) and antibodies (neutralise antigens). 
Inflammatory stimuli include cytokines (produced during cell division), endotoxins (toxin 
released on death of bacterial cells) and physical injury from the surgery. Response to 
inflammatory stimuli is part of a normal protective mechanism, which is greatly exaggerated 
by bypass surgery and can cause various responses such as tissue damage and organ 
malfunction. Research has found a significant increase in the Cu/Zn ratio indicating an 
inflammatory response at the start of bypass surgery. An increase in the ratio was maintained 
throughout the operation but decreased during the post operative phase and reached pre 
operative levels by day 5 of recovery [A1-B98]. Prolonged bypass time (>120min) resulted in 
a higher Cu/Zn ratio and remained high for longer compared to quicker operations, indicating 
a more profound inflammatory response. Fuhrman summarised knowledge on how vitamin 
and mineral interaction and utilisation is affected by inflammatory response and the 
proliferation of reactive oxygen species [FuhOO], The article reports that research has 
associated increased mortality and morbidity with decreased levels of Se and vitamins A, C 
and E. The changes in levels of these elements may be due to redistribution rather than 
deficiency.
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Endothelium is a layer of cells that line the heart, blood vessels and lymphatic ducts 
separating blood and interstitial tissues. The vascular endothelium regulates various 
processes such as membrane permeability, lipid transport, vasomotor tone, coagulation and 
inflammation through the action of endothelial-derived surface proteins or secretion of 
biologically active soluble factors activated by cellular stress thus helping to maintain 
cardiovasculai* homeostasis [Ver98]. During its passage through the bypass machine a 
patient’s blood makes contact with synthetic, non-endothelial surfaces which may activate 
pathways that can induce various processes such as inflammation and coagulation and is a 
factor to remember when analysing changes in blood composition following bypass surgery. 
Detrimental complications such as cardiac and pulmonary malfunction post surgery may be 
contributed to by the bioincompatibility of a biomaterial used in the bypass circuit, hence the 
effect of contact materials on haemodynamic changes is important as it may influence the 
long term outcome of the surgery. Surfaces of bypass machines can be modified to reduce 
thrombogenic or inflammatory reactions. Coating materials include polysiloxane, heparin and 
phosphorycholine [DeSOO]. Rubens et al. found that patients put on a bypass machines with a 
surface modifying additive (polysiloxane co-polymer) incorporated did not experience initial 
hypotension at the start of bypass and required less fluids to be administered during the 
operation than when the additive was not present [Rub99]. This study also observed 
decreased activation of pathways that can lead to postoperative bleeding, thromboembolic 
complications and usage of homologous blood products when the surface additive was present 
in the bypass circuit. Thus contact surface materials can induce post operative effects such as 
blood loss which would alter the elemental concentrations in the patient. The greater the 
duration of the bypass may result in more pronounced influence of materials in the bypass 
circuit but no research was found on this aspect. The bypass circuit used in this study was not 
known to contain any surface modifying additives, tubing was made from Si based plastic 
containing antifoaming solution to stop the build up of bubbles [ClaOl].
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7.4 Frequency Distribution of CABG Data
Distribution of element concentrations can be used to establish whether an element is essential or 
non-essential [Lei68]. Essential elements are maintained by homeostatic control and have a 
normal distribution. Non-essential elements are controlled by external influences and have a log­
normal distribution. Cumulative frequency is the total frequency up to a particular boundary and 
displays the percentage of results below a certain value. An S shaped curve on a cumulative 
frequency plot indicates an essential element and a straight line indicates a non-essential element. 
For all groups of data histograms were produced to examine the frequency distribution of results. 
The histograms produced for whole blood from CABG patients before the operation for each 
technique is given in figures 7.2a and b and the cumulative frequencies are plotted in figures 7.3a 
andb.
Figures 7.2a and b show the histograms produced from CABG whole blood before the bypass 
operation. It can be seen that it is difficult to describe all elements as normally distributed. 
Elements that appear to follow normal distribution include Al and Br using INAA and Na, P, S, 
Cl and Ca using PIXE. Only relatively small numbers of samples were available for this research 
and as a result a maximum of four data bins were suitable to display the frequency distribution. 
Sometimes this malces it difficult to assess whether data is normally distributed or otherwise and 
perhaps in cases like Cl measured by INAA, the distribution would be normal if an additional bin 
were added. From table 7.5a and b it can be seen that arithmetic and geometric means are very 
similar which may indicate that elements exhibit some normality of distribution.
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Figure 7.2a: Frequency distribution of elements determined by INAA.
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7.5 Significance Testing
A student t-test can be used to determine any significant differences between sets of normally 
distributed data. The Wilcoxon rank sum test was selected as the method of testing for 
significant differences among the data gathered from this research. Non-parametric tests, such as 
the Wilcoxon rank sum test, do not assume that the values in the population follow any particular 
distribution, such as normality and no not assume similar standard deviations in the two groups. 
The histograms and cumulative frequency graphs indicated that the concentration data may not be 
normally distributed. This is a surprise since most of the elements measured (Na, Mg, P, S, Cl, 
K, Ca, Mn and Fe) are known to be essential to the human body. It must also be noted that these 
subjects suffer from severe heart disease, are under medication and preoperatively stressed due to 
the impending surgery. It is possible that a larger sample group would indicate normality and 
hence essentiality of some elements. The Wilcoxon rank sum test was used to examine 
significant differences between data sets since it does not require data to be normally distributed. 
To carry out significance testing using the Wilcoxon rank sum test observations from both groups 
being compared are ranked together in ascending order. Ranks for each group are summed and 
knowing the group size can then be compared with corresponding tabulated ranges, listed in the 
back of any good statistical textbook.
The Wilcoxon rank sum test has been used to examine differences between the same group of 
subjects pre and post coronary artery bypass. Between pre and post phases of surgery significant 
differences were found in nine of the detected elements and in eight elements between the post 
and recovery stages [Table 7.6a and b]. It is possible that other detected elements were 
significantly different between the pre and post operative group but the Wilcoxon rank sum test 
can only determine differences down to a probability level of P<0.05.
135
Chapter 7: Elemental Concentrations in Blood from Subjects at Stages of Coronary Artery Bypass Grafting
INAAWB PDCEWB
Na P<0.001 P<0.01
Mg P<0.001 P<0.001
Al P<0.001 P<0.001
P — BDL
S — P<0.01
Cl P<0.001 P<0.001
K P<0.001 BDL
Ca P<0.001 P<0.001
Fe — BDL
Mn P<0.001 —
Br P<0.001 ...........
Table7.6a: Significant differences in elemental concentration of whole blood collected in the pre
and post stages of coronary artery bypass.
(BD L =  below  detection limit)
INAAWB PIXEWB
Na P<0.01 NS
Mg P<0.01 —
Al P<0.001 ----------
P — NS
S — NS
Cl P<0.01 NS
K P<0.001 NS
Ca P<0.01 NS
Fe — —
Mn P<0.01 —
Br P<0.001 —
Table 7.6b: Significant differences in elemental concentration of whole blood collected in the 
post and recovery stages of coronary artery bypass.
(B D L  =  below  detection limit, N S = not significant)
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7.6 Cluster Analysis
Neutron activation and PIXE analyses found that a great number of the elemental concentrations 
determined by both techniques increased immediately after bypass surgery and although 
concentrations declined during the recovery period they did not return to their initial values. To 
further examine these observed distinctions between elemental concentrations during the bypass 
process hierarchical cluster analysis has been conducted on the data. Details of the Clustan 
package are given in the previously in chapter 6. Figures 7.4a, b, c, d, e and f show the result of 
cluster analysis on elemental concentrations determined by INAA and PIXE. The data used for 
both dendograms came from the same set of people at pre, post and recovery stages of coronary 
artery bypass surgery. Initially cluster analysis has been applied to elemental concentrations in 
blood collected pre and post surgery. With both experimental techniques the data has been 
clearly grouped into two clusters (P<0.0001), the first mainly consisting of pre operative blood 
samples and the second cluster of post operative samples, defining a clear difference between 
these two stages of operation [7.4a and b].
Further cluster analysis has been carried out on elemental concentrations determined using both 
techniques on post and recovery phase blood samples [Figure 7.4c and d]. The dendogram of 
INAA data for post and recovery whole blood divides the results into two clusters with 
significance P<0.001 between the groups. The first cluster distinctly groups the concentrations 
measured post surgery and the second cluster is mainly recovery values. In the second cluster 
CABG 11 post and CABG 12 post dilute the recovery group, experimentation on these two 
subjects were conducted together and at a separate time to the rest of the samples which may be a 
consideration. PIXE analysis of the same post and recovery data produced a best cut of 
significance P<0.0001 and partitioned three clusters. Although cluster analysis sectioned the 
results into three clusters, when considering that subjects have been serialised there is still a 
visible distinction between post and recovery data but not as clearly defined as it is with 
concentrations found using INAA. The third cluster is comprised of four subjects three of which 
are CABG 12 post, CABG 11 post and CABG 11 recovery.
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The dendogram produced, in figure 7.4e, following cluster analysis on pre, post and recovery 
elemental concentrations following PIXE analysis defined two clusters (P<0.001). The first 
group mainly clusters together pre and recovery data whilst the second group contains subjects in 
the post operative stage. Cluster analysis of samples collected pre bypass and in the recovery 
phase show similarity and this reflects the observation made earlier in this chapter that recovery 
concentrations are typically much closer to the pre operative values than post surgery 
concentrations. Using INAA elemental concentrations are found to be significantly different in 
the post operative data set compaied to the two other stages [Figure 7.4f].
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Figure 7.4a: Cluster analysis of elemental concentrations in pre and 
post whole blood using INAA.
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Figure 7.4b: Cluster analysis of elemental concentrations in pre and 
post whole blood using PIXE.
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Figure 7.4c: Cluster analysis of elemental concentrations in whole blood post
and recovery using INAA.
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Figure 7.4d: Cluster analysis of elemental concentrations in whole blood post
and recovery using PIXE.
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Figure 7,4e: Cluster analysis of elemental concentrations in whole blood pre, post and
recovery using C^AA.
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Figure 7.4f: Cluster analysis of elemental concentrations in whole blood pre, post
and recovery using PIXE.
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7.7 Correlation Coefficients
The relationship between pairs of elements has been considered in table 7.6a and 7.6b which 
detail the correlation coefficients. Greater explanation concerning correlation coefficients is 
given previously in chapter 6. When the influence of surgery duration was examined, with 
results of PIXE analysis pre operation, three relationships approaching linearity were determined, 
Ca (r=0.634), K (r=0.703) and Cl (r=0.671). This trend may be due elements added by the 
priming fluids during the operation, however INAA data did not find these correlations. No 
correlation coefficients suggested a linear relationship between extubation time and any element. 
It would be expected that a decrease in Fe levels would be associated with increased volume of 
blood lost during bypass surgery, due to the loss of erythrocytes but correlations did not indicate 
this. Using correlation coefficients no relationship was found for each element between the post 
and recovery stages of bypass. Since several fluids are added to the patients blood during bypass 
surgery it might be expected that a relationship would be seen. This may indicate that the 
priming fluids have been excreted by the time of the recovery stage blood collection and that 
subjects are returning to pre operative values. With information given in table 7.3 correlations 
were also investigated between the age of the subject, the duration of the operation, the 
extubation time, the period in ITU, the blood loss post bypass and individual elements. No 
relationship was found to indicate that the age of the subject effected the concentration of any 
element in whole blood collected before the bypass.
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Mg A1
I
Cl
r^e CABG 
K Ca Mn Br
Na 0.527 0.749 0.989 0.423 0.509 0.561 0.797
Mg 0.701 0.550 0.523 0.738 0.960 0.350
A1 0.750 0.603 0.689 0.756 0.469
Cl 0.437 0.534 0.562 0.785
K 0.427 0.666 0.078
Ca 0.721 0.548
Mn 0.366
Mg A1
F
Cl
•ost CAB( 
K Ca Mn Br
Na 0.863 0.830 0.955 0.726 0.514 0.845 0.735
Mg 0.958 0.925 0.952 0.500 0.960 0.812
A1 0.849 0.897 0.465 0.928 0.795
Cl 0.845 0.484 0.872 0.800
K 0.480 0.899 0.728
Ca 0.666 0.012
Mn 0.709
Mg A1
Rec
Cl
overy CA 
K
BG
Ca Mn Br
Na 0.966 0.862 0.990 0.949 0.278 0.882 0.684
Mg 0.944 0.982 0.992 0.206 0.963 0.634
A1 0.913 0.939 0.048 0.920 0.615
Cl 0.974 0.289 0.906 0.697
K 0,279 0.952 0.572
Ca 0.163 0.006
Mn 0.530
Table 7.6a: Correlation coefficients pre, post and recovery for whole blood from CABG patients
following INAA.
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Mg A1
c ;
p
vBGPre\
S
Vhole Bio 
Cl
od
K Ca Fe
0.498Na 0.675 0.345 0.704 0.361 0.109 0.263 0.404
Mg 0.645 0.419 0.047 0.584 0.052 0.221 0.004
A1 0.303 0.283 0.393 0.406 0.718 0.024
P 0.854 0.502 0.862 0.547 0.294
S 0.636 0.933 0.640 0.466
Cl 0.576 0.498 0.229
K 0.665 0.197
Ca 0.197
Mg A1
Cl
P
ABG Pre I 
S
irythrocyt
Cl
es
K Ca Fe
Na 0.967 0.552 0.807 0.024 0.626 0.103 0.089 0.030
Mg 0.626 0.621 0.355 0.787 0.307 0.299 0.236
A1 0.118 0.264 0.421 0.276 0.702 0.016
P 0.461 0.124 0.481 0.266 0.700
S 0.709 0.974 0.074 0.854
Cl 0.594 0.240 0.442
K 0.007 0.922
Ca 0.468
Mg A1 P
CABGP]
S
re Plasma 
Cl K Ca Fe
Na — ? ? 0.896 0.900 0.800 —
Mg — — — — — — —
A1 — — — — —
P 0.360 0.144 0.948 0.496 —
S 0.338 0.579 0.120 _
Cl 0.152 0.574 —
K 0.385 —
Ca —
Table 7.6b: Correlation coefficients pre, post and recovery for whole blood from CABG subjects
following PIXE analysis.
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7.8 Variation in Elemental Concentration for Individual Subjects
Thus far elemental changes have been considered as mean values for the CABG group. It is 
clearly important to examine elemental variations in separate subjects, since every person has 
his/her own unique clinical circumstances. Individual concentrations for whole blood from the 
three stages of bypass have been plotted [Figures 7.5a, b, c and d]. Each CABG subject is 
assigned a colour and symbol code which is consistent for different elements and across different 
techniques. When a concentration value was not obtained at the ITU stage the detection limit has 
been used in its place.
For all eight elements detected by neutron activation either CABG 7 or CABG 9 held the greatest 
concentration and this was in the post operative phase. Examination of their pre operative 
information in table 7.2 showed that both these subjects had a history of myocaidial infarction, 
however this is also the case for CABG 12 and CABG 3 who cannot be distinguished easily from 
the group of CABG subjects and generally follow the average trend. Both CABG 7 and CABG 9 
were 10 hours before extubation, this is the second longest time (CABG 1 took 13 hours). CABG 
7, 9 and 11 all developed chest infections which were treated with by administration of 
antibiotics during their period in ITU. Individual variations observed using PIXE found that 
CABG 4 had the highest concentration for Na, Mg, Al, S, Cl, K and Fe, examination of medical 
history and operative progress in tables 7.2 and 7.3 does not suggest any reason for this. When 
individual graphs are examined the gradient of the line provides a guide as to the rate of change 
taking place. Patients CABG 3 and CABG 11 were octopus patients, and therefore the heart was 
not stopped during the bypass operation, for these two patients the graphs have relatively shallow 
gradients and this may indicate that they were less affected by the surgery. Results of PIXE 
analysis show many of the subjects have elevated Ca at the recovery stage, this may be due to 
differences in the aetiology or pathogenesis of atherosclerotic plaques.
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7.9 Intra-operative Parameters
Throughout any surgical procedure continuous monitoring of the patient is rudimentary and 
includes a series of clinical measurements. Patient files were retrieved for the study participants 
and records of biochemistry laboratory investigations as well as intra-operative and ITU charts 
were used to obtain details of variables tracked during the bypass operation. Where possible 
intra-operative information was retrieved for variations in pH, base, Na, K and haemoglobin (Hb) 
during the operative procedure as recorded by the anaesthetist. Details of these variables have 
been tabulated in appendix 7 for reference. Unfortunately patient information on CABG 4 was 
not available.
Many acids are found in the body including hydrochloric acid, a corrosive mineral acid produced 
by the stomach lining, and many organic acids, such as lactic acid, carbonic acid, ascorbic acid 
(vitamin C) and pyruvic acid. Healthy functioning of the body requires that body fluids are 
approximately chemically neutral. An optimum acid-alkali (base) balance is regulated by the 
kidneys, buffers (blood borne substances that neutralise acid or alkaline waste) and metabolism. 
During metabolism fats and sugars are broken down which produce energy and carbon dioxide. 
The carbon dioxide goes on to form organic acids such as carbonic acid and pyruvic acid. 
Breathing patterns control blood acidity since rapid breathing increases the rate carbon dioxide is 
eliminated from the blood reducing acidity whereas slow breathing leads to elevated blood acid 
levels. Disturbances in the body’s acid-base balance result in either acidosis (excessive blood 
acidity) or alkalosis (excessive blood alkalinity). Base excess (BE) is an intraoperative 
measurement taken periodically during surgery to monitor the acid-alkali balance of the patient, a 
healthy BE is close to zero. High base excess can reflect low body temperature or lactate 
accumulation. Poorly controlled diabetes is associated with ketoacidosis. Acidosis can also be 
result from loss of bicarbonate (alkali) due to diarrhoea. Kidney failure is associated with 
insufficient excretion of acid in the urine. Acidity or alkalinity can also be measured using pH, 
ideally body fluids should be close to 7.4 on the pH scale (neutrality). Acidosis is arises of pH 
drops below about 7.3 and alkalosis if pH rises above about 7.5.
One year after the operation patient records were retrieved for study participants and this 
confirmed that all of them were still living.
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Figure 7.6: Intra-operative variation in Na concentration of CABG patients
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152
CABG2
>  100
CABGl
Minutes fromstart of bypass Minutes fromstart of bypass
150200 -  
g  1 50 -  
5  100  "
CABG 5100
5 0 -
CA B G 3
120 15030 60 90 120 150
Minutes from start o f  bypass Minutes fromstart o f bypass
■I 150
CABG 6100
CABG7
150
Minutes fromstart o f bypass Minutes fromstart o f bypass
CABG 9CABG 8
Minutes fromstart o f bypass Minutes from start o f bypass
I  150 150
5 0 - 5 0 - C A B G llCABG 10
Minutes fromstart of bypass Minutes fromstart o f  bypass
% 150
5 0- CABG12
Minutes fromstart o f bypass
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Figures 7.6, 7.7, 7.8 and 7.9 show the intraoperative variation in Na, K, haemoglobin and pH 
respectively, for individual CABG patients. Clinical measurements taken intraoperatively all 
fluctuate during the surgery. By the end of the operation all intra-operative parameters returned 
close to the values they were at the start of intra-operative measurement. Priming fluids used 
during coronary artery bypass contain Na, Mg, K, Cl and Ca. Since priming fluids contain Na 
and K which are added to the blood of patient undergoing coronary artery bypass surgery it could 
be expected to observe an effect on blood concentrations of Na and K when the fluids are 
administered. Examination of variation in Na and K levels show a general trend for Na 
concentration to drop and then recover to values similar to the start of the operation, whereas K 
concentrations generally appear to rise and then return to initial levels. The stage of operation at 
which fluids were introduced was not consistently recorded in patient records, neither was the 
exact amount of fluids used although typically solutions were added in units of one litre and not 
more than two litres of any one solution administered.
Changes in Mg, Cl and Ca aie not measured intra-operatively in any CABG patients in this study. 
Concentrations of Mg, Cl and Ca have been determined in this thesis. INAA found that after 
bypass surgery all three elements had increased and then decreased during the patients stay in 
ITU. FIXE found that Mg followed the same pattern determined by INAA but that Cl and Ca 
concentration were still rising when the ITU samples were collected. Clearly surgery has 
affected the elemental status of Mg, Cl and Ca and it may be beneficial to add them to the list of 
clinical investigations tracked during the operation.
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7.10 Conclusions
Despite advances in diagnosis and treatment, cardiovascular disease continues to restrict the 
quality of life of hundreds of thousands of people in the UK. Certain elements, such as Ca, Cu, 
K, Na, Se and Zn play an established role in various aspects of healthy cardiac function. Blood 
samples have been collected from patients undergoing coronary artery bypass graft surgery. Two 
techniques. Instrumental Neutron Activation Analysis and Proton Induced X-ray Emission, have 
been used to determine the elemental composition of the whole blood samples. Blood was 
collected from patients at three stages in relation to the operation -  pre (24 hours before the 
operation), post (1-2 hours after the operation) and finally recovery (24 hours after the operation). 
From these samples it was possible to examine the changes in elemental status of the subjects and 
observe how this varied in relation to the operation. All bypass patients received priming fluids 
during the surgery, these priming fluids are known to contain Na, Mg, K, Cl and Ca.
Results showed that there was a change in elemental concentrations with the duration of the 
bypass operation. There are differences in the values of the elemental concentrations obtained 
using INAA and those obtained using PIXE, however there are similar relationships observed by 
each technique. Across both experimental techniques the overall observation was that the 
elemental levels were greatly increased post operation, which then decreased after the operation 
but did not return to pre operative values in the first twenty-four hours of the patient’s recovery. 
In the recovery phase the mean concentration of Br was found to be lower than that measured pre 
operation. Bypass surgery induces inflammatory responses that activate processes which may 
depend on elemental levels and endothelial contact with artificial surfaces produces changes to 
the haemodynamics. Coronary artery bypass surgery induces changes in the concentration of Na, 
Mg, Al, P, S, Cl, K, Ca and Fe. When mean elemental values are considered both PIXE and 
INAA found that Na, Mg and Al concentrations, in paiticulai*, peaked post operatively and 
decreased in the recovery phase. When individual response to the bypass operation is examined 
an overall pattern shows that elemental levels peak post operation and decrease towaids pre 
operative values during the recovery phase. Certain elements show a different trend in 
behaviour, the concentration of P for example pealcs in the recovery phase for approximately half 
of the study participants. Ca levels in the recovery stage, determined using PIXE analysis, covers 
a wide range and individuals do no appear to be following the same pattern. Intra-operative
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parameters Na, K, haemoglobin and pH experience variation during surgery, as would be 
expected and the values at the start and end of surgery are usually similar.
Using both experimental techniques changes in elemental levels during the phases of bypass have 
been confirmed using Cluster analysis. Cluster dendograms strongly partitioned elemental 
concentrations in whole blood for pre and post bypass samples. Further cluster analysis revealed 
a strong similarity between pre and recovery values that clearly distinguished them from post 
surgery data. Other researchers have indicated that elemental concentrations may take five days 
to return to pre operative levels [A1-B98]. The work in this thesis indicates that elemental levels 
may return to pre operative concentrations much sooner than 5 days. A significant contribution 
to the increase in blood concentration of various elements is likely to come from the solutions 
added as a standard part of the surgical procedure but is also due to the body’s reaction to 
surgical trauma. This in itself confirms people undergoing surgery for severe ischaemic heart 
disease benefit from supplemental Na, Mg, Cl and Ca whilst the procedure is being carried out. 
These elements are vital to maintain cardiovascular homeostasis, initiate essential action 
potentials and form part of protein stmcture.
Response to surgical trauma is fairly well recognised but alteration in recovery patterns, such as 
elemental concentrations may indicate the presence of abnormal stimuli such as infections and 
may become a useful diagnostic tool in considering effective surgical intervention. The findings 
of this thesis need to be developed further and the knowledge applied to potential elemental 
supplements, manufacture of future priming fluids and other possible treatments.
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8.1 Introduction
Initial investigation of literature revealed a high incidence of diabetes and heart disease in 
Asian populations living in the UK. As a first exploration of one of the causes of increased 
numbers of diabetics amongst Asian immigrants, the habit of betel nut chewing has been 
considered. So during the fallow period of organising collection of blood samples from 
CABG patients at St. George’s this small study was undertaken.
Severity and complications of diabetes have been described in earlier chapters. Despite 
increased understanding and advancing technology the number of diabetics in the UK is 
increasing fast and science is a long way from a cure. Altered elemental status of diabetics is 
becoming more recognised and nutritional supplements have proven beneficial in certain 
studies. Numerous reports have confirmed that chewing materials aie a causative agent in 
oral and oesophageal cancers and may be implicated in diabetes. However few investigations 
have analysed the elemental content of betel nut and other chewing materials widely used by 
the Asian immigrant population. The purpose of this study is to determine the elemental 
concentrations of a range of chewing substances readily available in the UK.
8.2 Diabetes and the Asian Population
Asia is expected to be the home to 61% of the total global number of people with diabetes by 
the year 2010 [AdhS6]. Type 2 diabetes affects at present over 1 million adults in the UK 
comprising 3% of the Caucasian population and 10-15% of various Asian groups. Of the 
deaths attributed to diabetes in the 1980’s in the UK, death amongst ethnic groups were 
significantly greater than the national rate [Bal98].
Type 2 diabetes has been found to be particularly prevalent amongst people of South Asian 
origin (Indian, Pakistani and Bangladeshi) living in urban areas and amongst Asian 
immigrants living in the UK [McKei92, UKPDS94]. The Southall study, of South Asians 
living in West London, found the prevalence of age adjusted diabetes to be 3.8 times greater 
than Europeans, in Asian people 40-60 years old the occurrence was five times higher 
[Mat85]. A study of South Asians living in London, by McKeigue in 1996, considered male
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and females aged 40-69 years and found the prevalence of diabetes in South Asians to be 19% 
compared to 4% in Europeans [McKei96]. Diabetes prevalence in Bangladeshis who have 
migrated to the UK in the last 30 years is high and is not simply due to an increase in Western 
lifestyles since an equally high prevalence has been found in some groups of Asians in Fiji 
and in India, both in towns and in certain rural areas.
8.3 Aetiology of Diabetes in Asian People
Various factors have been considered as influential to the onset of the diabetes within the 
Asian immigrants. Genetics are cleaidy a key link to understanding the high numbers of 
diabetics in this group. Diagnosis of diabetes in Asian groups takes place at an earlier age 
than Europeans and development of diabetes is more rapid in Asians [Nic86, Sim93]. A 
history of diabetes is significantly more common in the Asian families and they commonly 
have more children than Caucasian women [Chu93, Yud96]. There is no sign of a decline in 
the prevalence of Type 2 Diabetes in the Asian immigrant population towards that of the 
indigenous population. It has been proposed that this community may therefore have brought 
active aetiological agents for diabetes with them in addition to possible genetic factors.
Several studies have linked vitamin D deficiency and diabetes [Bou95, McKen92]. Vitamin 
D is essential for the maintenance of calcium and phosphorus homeostasis and hence strong 
bones and teeth. The major source of vitamin D is derived from skin exposure to sunlight. 
Vitamin D status varies globally and is lower in Europe, North America and Scandinavia 
[McKen92]. Emigration may be accompanied by a decrease in exposure to sunlight and 
hence reduces vitamin D production. Vitamin D deficiency has been found to impair insulin 
secretion from (3-cells in the pancreas, in a small study of four vitamin D deficient female 
subjects and ten healthy subjects [Ged86]. The paper suggests that the influence of vitamin D 
on insulin release is direct and indirect through its regulation of serum calcium. Work carried 
out a decade later by Mauricio et al. investigated a potential role for vitamin D as an enhancer 
of insulin secretion was inconclusive [Mau96]. Animal studies indicate vitamin D may 
possess immunosuppressive properties through the downregulation of immune functions and 
may be useful in the treatment or prevention of autoimmune disease such as Type 1 diabetes 
through its capacity to block effector T lymphocytes and to stimulate suppressor T cell 
function [Mau96].
159
Chapter 8; Betel Nut Composition and Diabetes in UK Asian Populations
Cardiovascular disease is 2-4 times more common in diabetics than non-diabetics [Bou94]. 
South Asians, living in the UK, have particularly high mortality from coronary heart disease 
compared to Europeans. Gujaratis, Punjabis, Bangladeshis and Southern Indians in London 
have 40% higher mortality from coronary heart disease than the UK National average 
[McKei92]. Established risk factors for cardiovascular disease such as smoking, 
hypertension, dietary fat and elevated plasma/serum cholesterol does not typically explain the 
high incidence of heart disease in South Asians. Asian people are often more sedentary than 
Europeans and abstain from smoking and alcohol. Despite being substantially less obese than 
Europeans, South Asians tend to accumulate fat in the abdomen and truncal region and 
consequently have larger waist circumferences, larger abdominal diameters, and thicker trunk 
skinfolds and therefore increased risk of diabetes, cardiovascular disease and insulin 
resistance [McKei92]. The BMI (body mass index) of Asian people resident in the UK is still 
lower than their European counterparts [Nic86]. However Simmons et al. describe the 
prevalence of diabetes amongst South Asians as disturbing and report that the BMI of UK 
resident Asians was 2-3 kgm'^ above that of indigenous Asian populations [Sim93].
Asian populations have been found to be substantially more glucose intolerant than Europeans 
and fasting insulin concentrations were 15-20% higher in Asian subjects compared to 
Europeans [Yud96]. The study found Bangladeshi subjects to suffer from insulin resistance, 
elevated triglycerides, low high density lipoprotein cholesterol concentration and high 
concentration of fasting insulin has been reported. South Asians with impaired glucose 
tolerance (IGT) are more likely to go on to develop Type 2 diabetes than Europeans [Sim93]. 
Insulin resistance and increasing levels of obesity have been suggested as a reason for the 
high incidence of diabetes in Asian immigrants and the situation seems set to continue 
amongst UK resident South Asians [Sim93]. Simmons et al. questioned over 10 000 residents 
in Coventry and found fewer Asians diabetics were attending diabetes clinics than Caucasian 
diabetics, clearly the reason for this needs to be determined and the problem addressed 
[Sim93].
One theory discussed in research attempting to link migration patterns to diabetes, places the 
initiation of the risk with protein malnutrition in the womb, disposing the baby to central fat 
distribution, insulin resistance and diminished pancreas and renal function [Yud96]. This in 
itself does not increase the chance of diabetes or heart disease but if migration is accompanied
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by increased exposure to salt, high energy, protein and lipid intake then the risk of diabetes or 
cardiovascular disease is greatly increased.
8.4 Betel Nut
Chewing of betel nut and tobacco, whether plain or wrapped into a betel leaf ‘quid,’ is known 
to play a role in various medical conditions such as cardiovascular function and is an 
established cause of oral cancers and oesophageal cancers in many oriental countries and in 
Asian communities worldwide [Chu93, AdhS6]. Betel nut chewing populations have 
increased incidence of foregut cancers related to nitrosamines which are extracted by saliva 
and lime [Bou94]. This suggests that betel nut consumption could be diabetogenic [Bou94]. 
In addition Areca nut mixed with lime can produce reactive oxygen species, upon the 
generation of which trace metal ions such as Fe^  ^and Mg^^ have been found to have profound 
modifying effect. This is believed to be due to nitrosamines formed after chewing and the 
generation of reactive oxygen species (ROS) of which the production is influenced by trace 
metal ions such as Fe^ "*" and Mg^ .^ There is also good evidence that certain nitrosamines and 
nitrosamides are diabetogenic in animals and in man [Bou94].
Betel nut is the coconut like fruit of the ‘Areca Catechu’ tree that is indigneous to India, 
Bangladesh, and other Asian countries but also grows in warm climates such as Florida and 
California. Mastication of the nut is a habit passed down through generations. Commonly 
the betel nut is mixed with various chewing tobaccos and flavourings, such as fennel seed or 
lime, and wrapped in the betel leaf or ‘quid’ for chewing. The quid is placed between the 
cheek and gum and may remain there for some time, even overnight. Chewing betel nut 
results in blackened teeth and stains the mouth deep red. Betel nut (Areca catechu) is 
currently being used by 10% of the world population mostly in Asian communities [Bou94]. 
Users of Betel nut often believe it possesses a mild stimulating effect that increases 
awareness.
Betel nut (Areca) is currently being used by 10% of the worlds population [Bou94]. 
Cai'diovascular function is affected by betel nut chewing [Chu93]. Within the Bangladeshi 
community it is common to use Betel nut or chewing tobacco, known as Paan. Research has 
reported the presence of cadmium, copper, nickel and zinc in chewing tobacco [Mai93]. It is
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possible that the elemental composition of Paan and Betel nut may be connected to the onset 
of diabetes and or complications of diabetes.
8.5 Diabetes and the Role of Elements
Diabetes is associated with alteration in tissue concentration of several elements brought 
about by altered metabolism. Elemental status may vary according to the duration of the 
disease and complications. Trace elements play a key role in glucose metabolism and insulin 
sensitivity. Lower levels of Zn, Mg and Si and higher levels of Al are often observed in 
diabetic groups. Other elements including Mn, Cu and Fe are present in different 
concentrations but research has not clearly determined whether there is a deficiency or an 
excess.
Nutritional supplements have been found to play a beneficial role in treating complications of 
diabetes. Correlation between Se levels in biological samples, heart disease and diabetes have 
been found. Suadicani found that serum selenium below 1 mmof’ meant an significantly 
increased risk of ischemic heart disease amongst middle aged and elderly men from Denmark 
[Sua92]. Associations between ischemic heart disease and trace elements have been found 
[Mar97], either stemming from a deficiency of a particular element or an improvement in the 
condition as a result of supplementation. Other studies have found benefits, such as lower 
cholesterol and lipoproteins, when giving a zinc supplement to patients with ischemic heart 
disease [ShaSS].
Often there is an alteration of metal status amongst diabetics compared to non-diabetics 
[Che95]. Elements found to have connections with diabetes, include lower levels of zinc, 
higher copper levels, and lower magnesium levels, when looking at plasma samples [Che95]. 
Such elements are said to be involved in insulin activity, release or glucose tolerance and 
hence in complications of the disease, such as retinopathy and ischemic heart disease [Che95]. 
Diabetic patients tend to lose large amounts of zinc and magnesium in their urine which could 
account for the low levels found in their blood [Bha94]. Deficiency of chromium may cause 
glycosuria and decreases insulin binding [Bha94]. Reseai*ch demonstrates that supplemental 
chromium had significant beneficial effects on glycosylated hemoglobin, glucose and insulin 
variables in subjects with type 2 diabetes [And97]. Zinc has been found to help insulin
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secretion, as well as helping leg ulcers and wound healing, which are a common problem
amongst diabetics [Moo94].
$ See additional comment on page 164.
8.6 Sample Preparation
Samples of the commercial products of betel nut and associated chewing materials were 
obtained from Bangladeshi markets in the Tower Hamlets area of the East End of London. 
The samples chosen were all popular with the Bangladeshi community and are listed below 
with information about composition and provenance, whenever available or known:
(a) Plain sliced betel nut, Zeera cut supari, Shaan products, produce of several 
countries.
(b) Pan Masala and sliced betel nut, Mukhwas, Shaan products.
(c) Pan Masala Pan Parag, Kothari products Ltd, Kanpur, India. Betel-nuts, catechu, 
lime, cardamon and flavours.
(d) Najma, Zafrani Zarda, Flavoured chewing tobacco, Alam Tobacco Company, 
Karachi, Pakistan.
(e) Hakim Pury
(f) Bat, Bat One, Baba, Zarda, Gulabi Patti
(g) Baba, Zafrani Zarda, Flavoured chewing tobacco, Dharampal Premchand Ltd, 
Delhi, India. Tobacco flakes, natural and synthetic flavours, silver leaves, saffron 
and aromatic spices.
Prior to analysis all samples were ground and homogenised using a mortar and pestle and 
pelletised into 5mm diameter pellets weighing 50-100mg. Once pelletised samples were kept 
in pre-cleaned polyethylene containers ready for irradiation.
8.7 Analysis Technique
Instrumental Neutron Activation Analysis (INAA) was used to determine the elemental 
concentrations of the selected materials. Samples were irradiated at the Imperial College’s 
Reactor Centre. Two different irradiation systems were used, the In Core Irradiation System 
(ICIS) and ALVIS (Automated Large Volume Irradiation System). ICIS has a thermal 
neutron flux typically 2x10^^ cm'^s'^ and ALVIS 1x10^  ^cm 'V . Both ICIS and ALVIS are
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automated irradiation systems ideal for rapid analysis of short-lived isotopes. Complete sets 
of samples were analysed in November 1998 (ICIS) and November 1999 (ALVIS) as a test of 
quality control of the products used for chewing.
ICIS: The irradiation conditions for ICIS comprised of a two minute irradiation, followed by 
two minutes waiting time and five minutes counting time. Samples were retrieved from the 
reactor pneumatically at defined intervals and counted on a Ge(Li) detector. ALVIS: 
Irradiation carried out with ALVIS, as mentioned above, was a year later than the initial 
investigation using ICIS. ALVIS irradiation conditions were five minutes irradiation, 
followed by one minute waiting time and five minutes counting. Samples were counted on a 
different Ge(Li) detector. In both cases the elemental concentrations were found by using the 
comparative method. Between end of irradiation and start of counting, samples were 
transferred into pre-cleaned polyethylene containers to eliminate any contribution from the 
irradiated polyethylene vials.
Insert from page 163.
Many diabetics experience renal problems. Supplementation of Se and Cr has been found to 
cause renal impairment and therefore should any element in the chewing materials analysed be 
present at high levels there may be implications for the renal health of the patient.
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8.8 Results and Discussion
Elemental concentrations of all samples determined by IN A A are presented in table 8.1a and 
b. Elemental levels for Na, Mg, Al, Cl, Ca, V, Mn, Cu and Br have been given as a range and 
an arithmetic mean together with the percentage standard deviation. The percentage standard 
deviation quoted in certain cases is high, indicating the diversity of substances comprising 
each material and branded product over the two year period (1998 and 1999) and suggests 
more thorough homogenisation of larger amounts of the samples maybe necessary in future 
studies to produce a more representative sample. Of these samples Mg, V, Mn and Cu have 
been found to play a role in diabetes. Further elements were detected for example, Ag in Pan 
Masala with betel nut, Ba in Pan Masala, Pan Parag, Ba, Ti, Dy in Najma, Ba, Ti, I, Dy in 
Bat, Bat One, Ag, Dy in Baba, Zafrani Zarda.
The values obtained for the betel nut are given in table 8.2 and displayed for comparison with 
elemental concentrations in betel nut found by Wei et al in Taiwan [Wei91]. The values 
quoted from Taiwan are given as a range which has been taken from the elemental 
concentrations found in betel nuts for various areas of Taiwan during spring and summer 
seasons following lyophilisation of the samples. They also analysed white and red limes from 
different regions, separately, as these are constituents of betel ‘quid’ chewing in Taiwan. 
Excluding Al and Na, concentrations determined in this work are lower than those found in 
Taiwan as would be expected since our samples were analysed as chewed and were not freeze 
dried. A concentration of 105-216|xg/g for Na is found to lie within the range given by Wei et 
al [Wei91]. Except for Al levels, the concentrations of other elements in betel nut, 
determined a year apart with different irradiation systems showed good consistency. In table
8.2 there is a column indicating the intake through betel nut in Taiwan. This is estimated on 
the consumption of continuous and habitual chewers. Estimates were also made for red and 
white lime daily intakes too. Betel nut chewing can contribute a significant fraction of daily 
intake of elements in Taiwan for Al, Br, Ca, Mg and Mn (no values are available for Cu and 
V) [Liu91]. We have calculated, using the highest estimates of the elemental intake from 
betel nut based chewing substances, as a percentage of the daily dietary intake of betel nut 
chewers in Taiwan suggest that 50% of Al, 70% of Mg and 25% of Mn are ingested through 
this route. A comparable study of the daily intake of elements of the Bangladeshi population 
in the Tower Hamlets area of the east end of London does not exist. Comparisons of course 
can be made, for example, with the values of elements in Indian vegetarian diets but this 
could be misleading.
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8.9 Conclusions
Elemental concentrations for up to nine elements were reported for betel nut and six varieties 
of chewing materials. Of all samples, betel nuts showed the most similar elemental 
concentrations, consistent perhaps with their relative homogeneity over the two years and 
across the two IN A A conditions and systems used. Some of the reported elements are known 
to have a link to diabetes and it encourages further work into this area. What is also required 
is a study of the daily intake of the Bangladeshi community of the Tower Hamlets area of the 
east end of London in order to reinforce the suggestion that betel nut chewing is a significant 
source of the daily intake of some elements for habitual chewers. The different role that 
elements like Mg, V, Mn and Cu may play in diabetes does not preclude the possibility that 
this source of elemental intake can be both harmful and beneficial. Epidemiological studies in 
Papua New Guinea have indicated that despite a high frequency of betel-nut chewing, glucose 
intolerance was uncommon [Dow94]. It has also been reported that in a British Asian 
community originating from Bangladesh, a reduction in spot blood glucose was found in 
betel-nut chewers which could be due to the hypoglycaemic action of arecoline, one of the 
psychoactive betel-nut alkaloids [Bou94, Che93]. Epidemiological data may not therefore be 
able to determine whether betel-nut has increased genetic susceptibility to diabetes, unless it 
includes the examination of appropriate susceptibility genes and their distribution in 
communities with varying prevalence of diabetes [Bou94].
From the results of this study an insight is gained into the concentrations of a range of 
elements in Betel nut and associated products. However it is not possible to draw conclusions 
as to the level of contribution made by these chewing materials to circulating elements in the 
body. Therefore it would be useful to conduct a study comparing the elemental content of 
blood from Betel chewers to samples from people who do not use chewing materials. This 
would not prove any link between diabetes and elemental intake due to Betel nut and other 
chewing products but could find out the influence on the body. Additional work would then 
be required to investigate diabetogenic properties of these substances.
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Diabetes and heart disease ai*e two of the fastest growing diseases in the world today. The last 
century saw great advances in the understanding and treatment of diabetes and its 
complications. Optimum health, free from disease, requires a range and balance of elements. 
Contribution to well being of any given element is not determined by its concentration. 
Several elements are known to have essential roles in biochemical processes and enzyme 
activity or possess antioxidant properties. A variety of internal and external parameters 
influence elemental levels in the body. Elemental imbalance can cause or reflect a diseased 
state. Overall the impression from reviewing the research to date is that people with diabetes 
have altered elemental status [Bha94]. Cardiovascular disease is also associated with 
elemental changes [Wal98]. Cardiovascular disease is up to four times more common in 
diabetics, yet little is known about the elemental variations taking place in sufferers of both 
diseases [Her99]. What is required is to expand the knowledge base by considering particulai' 
aspects of diabetes and heart disease.
One influence on the health of diabetics is the treatment administered for their condition. 
Coronary artery bypass grafting (CABG) is a common surgical procedure used to improve the 
blood flow to the heart. PK E and INA analyses have been applied to determine elemental 
changes between CABG patients with and without diabetes. Blood was chosen as the 
analysis medium since it is responsible for transporting nutrients around the body and is easily 
available. Eliminating contamination of the samples was an important part of sample 
collection and this was achieved through careful sample handling and strict preparation 
protocols. Analysis was performed on whole blood, erythrocytes and plasma collected from 
patients admitted to hospital for bypass surgery. RBS data was collected simultaneously to 
PDCE analysis and found no significant differences between C, N and O levels of diabetic 
CABG patients and non-diabetic CABG patients. However for all elements detected by PIXE 
analysis, differences in concentration between the two groups were observed. Elements in 
whole blood from diabetic were found to span a wider range of concentrations than non­
diabetics, which may indicate diabetics suffer from additional elemental imbalances.
Distribution of elements between whole blood, erythrocytes and plasma has also been 
considered for diabetics and non-diabetic CABG patients. Both experimental techniques 
found Na, Mg and Ca to be most highly concentrated in plasma, this suggests that the balance
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of these elements may be dictated by recent influences. The greatest number of correlating 
elements were observed in plasma, again reflecting that elemental balance is affected by 
short-term changes. Numerous factors influence elemental status in patients before and 
during a bypass operation including, hormone production, intraoperative fluids, inflammatory 
response and contact of blood with non-endothelial surfaces. Hierarchical cluster analysis has 
been applied to element concentrations in whole blood, erythrocytes and plasma. Cluster 
analysis observed differences between diabetic and non-diabetic groups, although cluster 
boundaries were often comprised of subjects from both groups and may reflect the close 
association between diabetes and cardiovascular disease. It may also indicate that some 
cardiovascular disease subjects may be impaired glucose tolerant.
Elemental changes relative to by-pass surgery in patients have been measured. Blood was 
collected from male study participant’s pre, post and in the recovery stages of CABG surgery. 
Information was collated about the medical history of subjects in the study as well as changes 
in intraoperative parameters and post operative comment from medical records. A clear 
difference was observed in the concentration of elements, Na, Mg, Al, P, S, Cl, IC, Ca and Fe, 
in blood drawn soon after surgery compared to pre operative values. Some return to pre 
operative concentrations was seen in patients recovering from the operation. Hierarchical 
cluster analysis clearly confirmed the distinction between elemental status before and 
immediately after CABG surgery. Both experimental techniques found that Na, Mg and Al 
are elevated after bypass surgery and that concentrations then decrease into the recovery 
period. It would be interesting to expand this knowledge and analyse blood collected at 
intervals further along the path to full recovery to follow the progression of elemental 
changes. Literature suggests that pre operative concentrations are achieved five days after 
surgery [A1-B98], results of this thesis indicate that it may occur sooner. A full understanding 
of fluctuations in elemental levels before and after by-pass surgeiy may indicate a role for 
nutritional supplements as part of the post operative care. Before safe guidelines for 
supplementation could be recommended for patients post bypass surgery thorough clinical 
trials would be needed. If elemental concentrations are greatly increased by the surgical 
process perhaps intraoperative fluids introduced by the surgeon could be replaced by 
alternatives that are lower in concentration of paiticular elements. It is not possible to define 
exact causes of elemental changes since numerous factors are possible, however this study is 
important as it has investigated a group of patients typical of people undergoing bypass 
surgery with exposure to all the usual parameters and influences.
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During the stages of bypass surgery patients experience definite changes of elemental 
concentrations in their blood. The CABG study group analysed here had only one female, 
who i was found to have similar elemental levels to the male participants. It would however 
be interesting to extend this study to include a larger female data set and examine whether 
there are specific elemental variations associated with the sex of the patient. A large 
proportion of diabetics undergo bypass surgery, since altered elemental status is common 
amongst diabetics and elemental changes are observed in patients undergoing bypass surgery, 
A study is needed that tracks the diabetics across the stages of the operation as has been 
carried out in this thesis for non-diabetics. Blood glucose will fluctuate during surgery and 
often an insulin infusion is necessary, therefore changes in elemental concentrations are 
likely.
Changes in elemental levels with respect to bypass surgery have been examined and particular 
attention has been given to the return of post operative concentrations to values measured 
before surgery. Clearly this is a useful way of tracking the influences during the operation 
and the effect it has to the balance of elements circulating in the patients blood. However 
what is not considered is whether the pre operative concentrations of elements are healthy, 
that is can they be considered as representing ‘normal’ levels. As a result it would be 
interesting to introduce an additional study group of comparable age but without heart disease 
or diabetes and establish a range of concentrations typical of healthy individuals. The 
likelihood is that CABG patients, whether diabetic or non-diabetic, have different elemental 
levels to people without heart disease and that these changes have built up according to the 
duration of the disease.
The two techniques used in this thesis have been able to determine the concentrations of 
several elements, however there is disagreement in the concentration values, this needs further 
examination if they are going to be used as complimentary methods of elemental analysis in 
future work. The instability of the proton beam used for PIXE analysis meant that energies 
beyond 1.6 MeV were not available for this research. At higher energies PIXE is likely to 
have detected more elements such as Cu or Zn. Detection of more elements by long 
irradiation neutron activation analysis was not possible due to financial constraints and 
limited irradiation facilities. Se is an antioxidant associated with beneficial properties to 
various diseased states, future analysis using long-lived radionuclides such as Se would help 
to broaden the context of elemental changes.
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Asian people have a much higher prevalence of diabetes and cardiovascular disease than 
Caucasians, thus Asian populations can be referred to as ‘at risk’. Influences brought about 
by genetics, migration and so on do not seem to explain the elevated levels of diabetes in 
Asian groups so it is important to consider further diabetogenic agents that the Asian 
population may be exposed to. Chewing betel nut, tobacco and other chewing materials is a 
widespread habit amongst Asian communities and may play a role in various medical 
conditions including oral cancers, cardiovascular function and diabetes. To improve the 
lifestyle and treatment of groups of people with an increased risk of diabetes, such as Asian 
immigrants living in the UK, consideration of cultural factors could provide the key to deeper 
understanding. Use of Betel nut may have significant impact on the health of habitual 
chewers through the release of reactive oxygen species into the mouth. The elemental 
composition of seven varieties of betel nut and associated chewing materials have been 
measured using IN A A. PIXE analysis was not used because the chewing materials had a 
tendency to crumble and were extremely difficult to pelletise, therefore ENAA was more 
suitable as samples were analysed as a complete mass contained within a polyethylene 
capsule. Future analysis of chewing materials may benefit from introducing a mechanical 
instrument to grind samples prior to pelletisation, although this would require stringent checks 
for contamination. INAA determined Na, Mg, Al, Cl, Ca, V, Mn, Cu and Br within the set of 
samples studied. Diabetes has been associated with alteration in Mg, V, Mn and Cu 
concentrations. Since betel nut and its products are chewed some of these elements will be 
ingested and may have an affect on the health of the user, particularly over a period of regular 
consumption. The range of elements determined in betel nut have been compared with work 
carried out on betel nut from Taiwan [Wei91]. Now we have knowledge of some of the 
elements composing chewing materials it would be interesting to extend the study to 
investigate the extent to which these elements affect the elemental balance in the body. A 
study is needed that collects blood and urine samples over a period of time, from habitual 
chewers of betel nut and associated chewing products, to track any elemental variations. 
Blood and urine collected from the same group of habitual chewers but during a period of 
abstinence would provide a useful comparison. An alternative tissue to analyse for elemental 
composition would be hair. It would give variation of elemental levels along the length of the 
hair thus providing a chronological profile. PIXE analysis is ideally suited for this.
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There is a clear need to target diabetes research in new directions, focusing studies at high risk 
groups and potentially diabetogenic agents. Results from this work were not able to 
determine whether elemental differences between groups of diabetics and non-diabetics have 
direct or indirect implications to diabetes care but did confirm altered elemental status in Type 
2 diabetics. Future work may well be able to examine the implication for health and allow the 
knowledge in this field to progress away from the side lines of clinical practice. A real 
breakthrough would come if elemental concentrations were able to serve as paiameters for 
clinical diagnosis. Ultimately it would be great to improve quality of life of people with 
diabetes and heart disease, through increased understanding of the disease and improved 
methods of diagnosis and treatment, all steps towards this end are fundamental to this goal.
174
References
[AbrOO] Abramov D ., Tamariz G. T., Fremes S. E., Guru V. et al. Trends in coronary artery bypass surgery
results; a recent 9-year study. Annals o f  Thoracic Surgery, 70  (2000) 84-90.
[Adh86] Adhvaryu S. G., Bhatt R. G., Dayal P. K., A , H. Trivedi, et al. SCE frequencies in lym phocytes o f
tobacco betel nut chewers and patients with oral submucous fibrosis. British Journal o f  Cancer, 53 
(1986) 141-143.
[Aka87] Akanle O. A. Instrumental nuclear activation analysis techniques and applications to biom edical
problems. PhD, University o f  Surrey, UK , 1987.
[Aka87b] Akanle O. A ., Spyrou N . M ., Dam yanova A. A ., Shaw D. M., et al. Investigation o f  elemental
models in senile dementia and depressives using neutron activation analysis. Journal o f  
Radioanalytical and Nuclear Chemistry, Articles, 113 (1987) 405-416.
[Aka99] Akanle O. A ., Akintanmide A ., Durosinmi M. A., O luwole A. F., et al. Elemental analysis o f  blood
o f Nigerian hypertensive subjects. B iological Trace Element Research, 71 (1999) 611-616.
[A1-B98] Al-Bader A ., Christenson J. T., Sim onet F., Abul H., et al. Inflammatory response and oligo-
elem ent alterations follow ing caidiopulm onary bypass in patients undergoing coronary artery 
bypass grafting. Cardiovascular Surgery, 6 (1998) 406-414.
[AlsOO] A lsahaf H., Consultant anaethetist, St. G eorge's Hospital, Tooting, London. Personal conversation,
2001.
[And95] Anderson D., Svardsudd K. Long-term glycém ie control relates to mortality in type II diabetes.
Diabetes Care, 18 (1995) 1534-1543.
[And97] Anderson R. A ., Cheng N ., Bryden N. A ., Polansky M. M., et al. Elevated intakes o f  supplemental
chromium improve glucose and insulin variables in individuals with Diabetes M ellitus. D iabetes, 
46  (1997) 1786-1791.
[Ars91] Arshed W . The elemental analysis o f  biological and environmental materials using a 2M eV  proton
beam. PhD thesis, University o f  Surrey, UK, 1991.
[Asa86] Asayama K., K ooy N. W ., Burr I. M. Effect o f  vitamin E deficiency and selenium  deficiency on
insulin secretory reserve and free radical scavenging system s in islets: decrease o f  islet 
manganosuperoxide dismutase. Journal o f  Laboratory Clinical M edicine, 107 (1986) 459-464.
[Ash93] A shw ell M  (editor). D iet and heart disease. Published by Chapman and Hall for the British
Nutrition Foundation. 1993.
[Bal98] Balarajan R. Trends in mortality from diabetes in England and W ales among those born in the
Indian subcontinent and the Carribean comm onwealth. Ethnicity and Health, 3 (1998) 55-58.
[Bam72] Bambynek W ., Crasemann B ., Fink R. W ., Freund H. U. et al. X-ray fluorescence yields, Auger,
and Coster-Kronig transition probabilities. R eview s o f  Modern Physics, 44 (1972) 716-813.
[B D A  report] Dietary recommendations for people with Diabetes: An update for the 1990s, Nutrition 
Subcommittee o f  the British Diabetic A ssociation Committee. D iabetic M edicine, 9 (1992) 189- 
202 .
175
References
[B D A  report] Thomas B. J. Nutrition Subcom m ittee o f  the British Diabetic A ssociation’s Professional Advisory
Committee, British D iabetic’s A ssociation’s discussion paper on the role o f  ‘D iabetic’ foods. 
Diabetic M edicine, 9 (1992) 300-306.
[Bha94] Bhanot S., Thompson K., M cN eil J. Essential trace elem ents o f  potential importance in nutiitional
management o f  D iabetes M ellitus. Nutrition Research, 14 (1994) 593-604.
[Bec96] Becker D . J., Real B ., O zcelikay A. T., Buchet J. P., et al. Oral selenate im proves glucose
hom eostasis and partly reverses abnormal expression o f  liver glycolytic and gluconeogenic 
enzym es in diabetic rats. D iabetologia, 39 (1996) 3-11.
[BehSO] Behne D. Problems o f  sam pling and sam ple preparation for trace elem ent analysis in the health
sciences. Trace Element Analytical Chemistry in M edicine and B iology, Walter de Gruyter and 
Co., Berlin, 1980.
[Beh92] Behne D. Spéciation o f  Trace elem ents in biological materials: Trends and problems. Analyst, 117
(1992) 555-557.
[Bha94] Bhanot S., Thompson K., M cN eil J. Essential Trace elements o f  potential importance in nutritional
management o f  diabetes mellitus. Nutrition Research, 14 (1994) 593-604.
[Boc95] B ock B. C., Kanarek R. B. and Aprille J. R. Mineral content o f  the diet alters sucrose-induced
obesity in rats. Physiology and Behaviour, 57 (1995) 659-668.
[Bor98] Borella P., Bargellini A ., Caselgrandi E., Menditto A ., et al. Selenium  determination in biological
matrices. M icrochemical Journal 58 (1998) 325-336.
[Bou94] Boucher B. J., Ewen S. W . B ., Stowers J. M. Betel nut (Areca Catechu) consumption and induction
o f  glucose-intolerance in adult C D l m ice and their FI and F2 offspring. D iabetologia, 37 (1994) 
49-55.
[Bou94b] Boucher B. J., Stowers J. M ., Ewen S. W . B. Betel-nut chew ing and diabetes in Papua-New-
Guinea. D iabetologia (Letter), 37 (1994) 1063-1064.
[Bou95a] Boucher B. J. Strategies for reduction in the prevalence o f  NIDDM : The case for a population-
based approach to the developm ent policies to deal with environmental factors in its aetiology. 
D iabetologia, 38 (1995) 1125-1129.
[Bou95b] Boucher J., Mannan N ., Noonan K., Hales C. N ., et al. G lucose intolerance and impairment o f
insulin secretion in relation to vitamin deficiency in east London Asians. D iabetologia, 38 (1995) 
1239-1245.
[B ow66] Bowen H. J. M. Trace elem ents in biochemistry. Academic Press, London, N ew  York 1966.
[Bri91] B richard S. M., Lederer J., Henquin J. C. The insulin-like properties o f  vanadium: A  curiosity or a
perspective for the treatment o f  Diabetes? D iabetes M étabolism e (Paris), 17 (1991) 435-440.
[Byr90] Byrne A. R., V ersieck J. Vanadium determination at the ultra-trace level in biological reference
materials and serum by radiochemical neutron activation analysis. B iological Trace Element 
Research, 26-27 (1990) 529-540.
[Cam97] Campbell J. L. Specim en preparation in PIXE analysis. Nuclear Instruments and M ethods, 142
(1997) 263-273.
[Cha81] Chaudhri M. A. A  sim ple method for elimination o f  charging and for current integration in PIXE
analysis o f  thick insulating samples. Nuclear Instruments and M ethods, 181 (1981) 31-35.
176
References
[Chan92] Chandra S., Sod E. W ., Ausserer W . A ., Morrison G. H. Preparation o f  biological sam ples for ion
microscopy. Applied Chemistry, 64 (1992) 245-252.
[Char95] Chareonpong-Kawamoto N. and Yasumoto K. Selenium  deficiency as a cause o f  iron overload and
unbalanced distribution o f  other minerals. B ioscience B iotechnology and Biochem istry, 59  (1995) 
302-306.
[Che95] Chen M -D ., Lin P-Y., Tsou C-T., W ang J-J., Lin W -H. Selected metals status in patients with non­
insulin diabetes mellitus. B iological Trace Element Research, 50  (1995) 119-124.
[Chem93] Chempakam B , Indian Journal o f  Experimental B iology, (1993) 31(5); 474-475.
[Chen99] Chen L. H., de Oslo Y ., Anderson J. W . B lood antioxidant system and dietary survey o f  elderly
diabetic men. Archives o f  Gerontology and Geriatrics, 28 (1999) 65-83.
[Chi94] Chittar H. S., Nihalani K. D ., Varthakavi P. K., Udipi S. A. Lipid peroxide levels in diabetics with
micro- and macro-angiopathies. Journal o f  Nutritional Biochemistry, 5 (1994) 442-445.
[Cho79] Chow C. K. Nutritional influence on cellular antioxidant defense system s. American Journal o f
Clinical Nutrition, 32 (1979) 1066-1081.
[Chu93] N. S. Chu, Journal Formos M edical A ssociation, 1993 Sep; 92(9) 835-7.
[ClaOl] Clai-k J. Senior perfusionist, St. G eorge’s Hospital, Tooting, London. Personal conversation, 2001.
[Coo72] Cookson J. A ., Ferguson A. T. G., Pilling F. D . Proton microbeams, their production and use.
Journal o f  Radioanalytical Chemistry, 12 (1972) 39-52.
[Cor91] Cornells R. A  journey through the hazards o f  possible errors in the analysis o f  trace elem ents in
body fluids and tissues. M ikrochimica Acta [W ien], 111 (1991) 37-44.
[Cor96] Cornells R., H einzow  B ., Herber R., M olin Christensen J., et al. Sample collection guidelines for
trace elem ents in blood and urine. Journal o f  Trace Elements in M edicine and B iology, 10 (1996) 
103-127.
[Cot91] Cotroneo P., Grattagliano A ., Rapaccini G. L., Manto A ., et al. Gastric-emptying rate and
hormonal response in Type II diabetics. D iabetes Research Clinical and Experimental, 17 (1991), 
99-104.
[Cur97] C unie C. J. et al. NHS acute sector expenditure for diabetes: the present, future and excess in­
patient cost o f  caie. D iabetic M edicine, 14 (1997) 686-692.
[DetOO] Detre K., M ., Lombardero M ., S., Brooks M ., M ., Hardison R., M. et al. The effect o f  previous
coronary artery bypass surgery on the prognosis o f  patients with diabetes who have acute 
myocardial infarction. The N ew  England Journal o f M edicine, 342  (2000) 989-997.
[DeSOO] D e Somer P., Francois K., van Geveren W ., Poelaert J., et al. Phosphorycholine coating o f
extracorporeal circuits provides natural protection against blood activation by the material surface. 
European Jouranl o f Cardio-thoracic Surgery, 18 (2000) 602-606.
[Deu91] Deuster P., Kyle S., Singh A ., M oser P. et al. Exercise-induced changes in blood minerals
associated proteins and hormones in wom en athletes. Journal o f  Sports M edicine and Physical 
Fitness, 31 (1991) 552-560.
[D e-V 99] D e-V alk B ., Marx J. J. M. Iron, atherosclerosis and ischem ic heart disease. Archives o f Internal
M edicine, 159 (1999) 1542-1548.
177
References
[D ow 94] D ow se G. K. Betel nut chew ing and diabetes in Papua N ew  Guinea and elsewhere. D iabetologia
(Letter), 37 (1994) 1062-1063.
[E1-Y91] El-Y azigi A ., Hannan N ., Raines D, Urinary excretion o f  chromium copper and manganese in
diabetes mellitus and associated disorders. Diabetes Research, 18 (1991) 129-134.
[E1-A94] El-Amri P., A. Determination o f  trace elem ents in normal and diabetics w hole blood by neutron
activation analysis. B iological Trace Element Research, (1994) 383-388.
[Fel98] Fell G. S., Halls D . J., Lyon T. D. Scottish trace elem ent services: U ser's guide. Trace Element
Unit, G lasgow  Royal Infirmary University N H S, 1998.
[Fie99] Fields M. Invited Commentary: R ole o f  trace elem ents in coronary heart disease. British Journal o f
Nutrition, 81 (1999) 85-86.
[Fol74] Folkman P., Gaaide C., Huus T. Kemp K. Proton induced x-ray em ission as a tool for trace
elem ent analysis. Nuclear Instruments and M ethods, 116 (1974) 487-499.
[Fru99] Frustaci A., M agnavita N ., Chimenti C., Caldarulo M., et al. Marked elevation o f  myocardial trace
elem ents in idiopathic dilated cardiomyopathy compared with secondary cardiac dysfunction. 
Journal o f  American C ollege o f  Cardiology, 33 (1999) 1578-1583.
[FuhOO] Fuhrman M. P. Antioxidant supplementation in critical illness: W hat do w e know? Nutrition, 16
(2000) 470-471.
[Ged86] Gedik O., Akalin S. Effects o f  vitamin deficiency and repletion on insulin and glucagon secretion
in man. Diabetologia, 29 (1986) 142-145.
[Gir64] Giradi P., Guzzi G., Pauly J. Activation analysis by absolute gamma ray counting and direct
calculation o f  w eights from nuclear constants. Analytical Chemistry, 36 (1964) 1588-1594.
[G0088] Goodhew P. J., Humphreys F. J. Electron microscopy and analysis. Taylor and Francis Ltd,
London, 1988.
[GriOO] Griffin S., J. Diabetes risk score: towards earlier detection o f  type 2 diabetes in general practice.
Diabetes M etabolism Research and R eview s, 16 (2000) 164-171.
[Gu96] Gu M ., L ove H., Schofield, Turkie W ., et al. A  pilot study o f  blood antioxidant and free radical
marker profiles in patients awaiting coronary artery bypass grafting. C linica Chem ica Acta, 252  
(1 9 96 )181 -195 .
[Gui94] Guiral J. S., M cN ally P. G., Botha J. L. Burden A. C. Childhood-onset diabetes in the white and
South Asian population in Leicestershire, UK. Diabetic M edicine, 11 (1994) 570-572.
[Had99] Hadrzynski C. Diabetes and trace elem ents. Journal o f Trace Elements in Experimental M edicine,
1 2 (1 9 9 9 ) 367-374.
[Har92] Harris M. I., Klein R., W elborn T. A ., Knuiman M. W. Onset o f  N IDD M  occurs at least 4-7 years
before clinical onset. D iabetes Care, 15 (1992) 815-819.
[Hav91] Havivi E., Bar On H., R eshef A ., Stein P., Raz I. Vitamins and trace metal status in non insulin
dependent Diabetes M ellitus. International Journal o f  Vitamin and Nutrition Research, 61 (1991) 
328-333.
[Hei96] H eine R. J., M ooy J. M. Impaired glucose tolerance and unidentified diabetes. Postgraduate
M edical Journal, 72 (1996) 67-71.
178
References
[Hel97] Heldenberg D ., Tenenbaum G., W eisman Y. Effect o f Fe on serum 25-hydroxy vitamin D  and 24,
25-dihydroxy vitamin D  concentrations. American Journal o f  Clinical Nutrition, 56  (1997) 533- 
536.
[Her97] Berlitz J., Sjoland H., Haglid B ., Karlson K. et al. Impact o f  a history o f  diabetes mellitus on
quality o f  life after coronaiy artery bypass grafting. European Journal o f  Cardio-thoracic Surgery, 
12 (1 9 9 7 ) 853-861.
[Her99] Berlitz J., Malmberg K. How  to improve the cardiac prognosis for diabetes. D iabetes Care, 22
(1999) B 89-B 96.
[Hey84a] Heydorn K. Neutron activation analysis for clinical trace elem ent research: V olum e I. CRC Press
Inc., Florida, 1984.
[Hey84b] Heydorn K. Neutron activation analysis for clinical trace elem ent research: V olum e II. CRC Press
Inc., Florida, 1984.
[Hir99] Hirotani T., Kameda T ., Kumamoto T ., Shirota S. Effects o f coronary artery bypass grafting using
internal mammary arteries for diabetic patients. Journal o f  American C ollege o f  Cardiology, 34
(1999) 532-538.
[Hit99] Hitman G. A. editor, Type 2 diabetes: Predictions and prevention. John W iley and sons, Chicester
1999.
[H ol87] H olick M. F. Photosynthesis o f  vitamin D  in the skin: E ffect o f  environmental and life- style
variables. Federation Proceedings, 46  (1987) 1876-1882.
[H os71] H oste J., Op de B eeck J., Gubels R., Adams F., et al. Instrumental and radiochemical activation
analysis. Butter worths, London, 1971.
[H ow93] Howitt A . J., Cheales N. A. Diabetes registers: A  grassroots approach. British M edical Journal, 307
(1993) 1046-1048.
[Iao95] loannides C., Flatt P. R. Drugs, diet and disease, volum e 2: M echanistic approaches to diabetes.
E llis Horwood Ltd., Hem el Hempstead, UK, 1995.
[Isb94] Isbir T., Tamer A ., Isbir M. Zinc, copper and magnesium status in insulin-dependent diabetes.
Diabetes Research, 24 (1994) 41-45.
[IUPAC95] Commission on T oxicology, Sample collection guidelines for trace elem ents in blood and urine,
lU PAC . Pure and Applied Chemistry, 67 (1995) 1575-1608. Prepared for publication by Cornel is 
R., H einzow  B ., Herber R. F. M ., M olin Christensen J., et al.
[lyeOO] Iyengar G. V ., Nair P. P. Global outlook on nutrition and the environment: M eeting the challenges
o f the next millenium. The Science o f the Total Environment, 249  (2000) 331-346.
[Jet90] Jethmalani S., M ., Murugaiyan P., Viswanathan G., Norontha J., M . Plasma copper and zinc and
their relationships with plasma lipids, lipoproteins, lipase activity and platelet aggregation in 
hypertension and diabetes. Journal o f  Clinical Biochemistry and Nutrition, 9 (1990) 51-60.
[Joh88] Johansson S. A , E, Campbell J. L. PIXE: A  novel technique for elemental analysis. John W iley and
Sons Ltd, 1988.
[Jur77] Jurgensen H., Behne D. J. Journal o f Radioanalytical Chemistry,37 (1997) 375-382
[Kar93] Karvonen M., Tuomilehto J., Libman I., LaPorte R. A  review o f  the recent epidem iological data on
the worldwide incidence o f  type 1 (insulin-dependent) diabetes mellitus. D iabetologia, 36  (1993) 
883-892.
179
References
[Kel94] Kelly W . F. Geographical mapping o f  diabetic patients from the inner city show s less insulin
therapy and more hyperglycaemia. Diabetic M edicine, 11 (1994) 334-348.
[KesOl] Kesavulu M. M ., Kameswara Rao B ., Giri R., Vijaya J. Lipid peroxidation and antioxidant enzym e
status in Type 2 diabetics with coronary heart disease. Diabetes Research and Clinical Practice, 53
(20 0 1 )3 3 -3 9 .
[Kir93] Kirby B ., L egge G. The preparation o f  biological tissue for trace elem ent analysis on the proton
microprobe. Nuclear Instruments and M ethods in Physics Research, B77 (1993) 268-274.
[KleOO] Klevay L. M. Cardiovascular disease from copper deficiency -  A  history. Journal o f  Nutrition, 130
(2000) 489S-492S.
[Kos64] Kosenko L. G. Concentration o f  trace elem ents in blood o f patients with diabetes mellitus.
Klinicheskaya M editsina, 42  (1964) 113-114.
[Kra79] Krause M. O, Atom ic radiative and radiationless yields for K and L shells. Journal o f  Physical
Chemistry (Ref. Data), 8 (1979) 307-327.
[Kri97] Kristiansen J., M olin Christensen J., Iversen B ., Sabbioni E. T oxic trace elem ent reference levels in
blood and urine; Influence o f gender and lifestyle factors. The Science o f  the Total Environment, 
204 (1997) 147-160.
[Kub96] Kubena K. S., McMurray D. N. Nutrition and the immune system: A  review  o f  nutrient-nutrient
interactions. Journal o f  the American D ietetic A ssociation, 96 (1996) 1156-1164.
[Kuu94] Kuusisto J., Mykkanen L., Pyorala K., Laakso M. NIDD M  and its m etabolic control predict
coronary heart disease in elderly subjects. Diabetes, 43 (1994) 960-967.
[Lav90] Lavi N ., A lfassi Z., B. Determination o f  trace amounts o f  cadmium, cobalt, chromium, iron,
molybdenum, nickel, selenium, titanium, vanadium and zinc in blood and milk by neutron 
activation analysis. Analyst, 115 (1990) 817-822.
[Law96] Lawrence M ., N eil A ., Mant D ., Fowler G. Prevention o f  cardiovascular disease: An evidence
based approach. Oxford University Press 1996.
[Les93] L eslie R. D. G. Causes o f  diabetes: Genetic and environmental factors. John W iley and Sons, 1993.
[Lim98] Lima M. D. L., Cruz T., Pousada J. C., Rodrigues L. E., et al. The effect o f  magnesium
supplementation in increasing doses on the control o f  type 2 diabetes. D iabetes Care, 21 (1998) 
682-686.
[Loa95] Loannides C., Flatt P. R. Drugs, diet and disease, volum e 2: M echanistic approaches to Diabetes.
E llis Horwood, 1995.
[Lie68] Liebscher K. Essential and nonessential trace elements: A method o f  determining whether an
elem ent is essential or nonessential in human tissue. Archives o f  Environmental Health, 17 (1968).
[Lin91] Lindh U ., Sunde T., Juntti-Berggren L., Berggren P-O et al. Nuclear m icroscopy and the
application to diabetes research. Nuclear Instruments and M ethods in Physics Research, B 56/57  
(1991) 1279-1283.
[Liu] Liu S. M., Chung C., Chuang J. T., W ang C. F., Aras N. K. D aily dietary intake o f  minor and trace
elem ents by upper social groups in Taiwan. Journal o f  Radioanalytical Nuclear Chemistry, 150 
(1991) 397-415.
[Llo99] Lloyd-Jones D. M ., Larson M. G., B eiser A ., Levy D. Lifetim e risk o f  developing coronary heart
disease. Lancet, 353 (1999) 89-92.
180
References
[M ah99] Maheswaran R., Morris S., Falconer S., Grossinho A., et al. M agnesium  in drinking water supplies
and mortality from acute myocardial infarction in North W est England. Heart, 82 (1999) 455-460.
[Mai93] Maier R. H., Purser S. M ., Bray J. T., and Pories W. J. Trace Elements in M edicine, 10 (1993) 48-
53.
[Mak99] Makjanic J., Ponraj D ., Tan B., Watt F. Nuclear microscopy investigations into the role o f  iron in
atherosclerosis. Nuclear Instruments and M ethods in Physics Research, Section B: Beam  
Interactions with Materials and Atoms, 158 (1999) 356-360.
[M as74] Masironi R. (Editor), Trace elem ents in relation to cardiovascular diseases. W orld Health
Organisation, Cardiovascular Unit, W HO, Geneva, Switzerland. 1974.
[Mat85] Mather H. M., Keen H. The Southall diabetes survey: Prevalence o f  known diabetes in Asians and
Europeans. British M edical Journal, 291 (1985) 1081-1084.
[Mau96] Mauricio D ., Mandrup-PouIsen T., Nerup J. Vitamin D analogues in insulin dependent diabetes
mellitus and other autoimmune diseases: A  therapeutic perspective. D iabetes/M etabolism  R eview s, 
12 (1996) 57-68.
[M ay93] Mayer D ., Kosmus W ., Pogglitsch H., Mayer D ., et al. Essential trace elem ents in humans: Serum
arsenic concentrations in hem odialysis patients in comparison to healthy controls. B iological Trace 
Element Research, 37 (1993) 27-38.
[M cK ei92] M cK eigue P. M., Pierpoint T., Ferrie J. E., Marmont M. G. Relationship o f  glucose intolerance and
hyperinsulinaemia to body fat in Southern Asians and Europeans. D iabetologia, 35 (1992) 785- 
791.
[M cKen92] M cKenna M. J. D ifferences in vitamin D  status between countries in young adults and the elderly.
The American Journal O f M edicine, 93 (1992) 69-77.
[M cN91] M cN eil J. H., Delgatty H. L. M., Battel M. L. Insulin-like effects o f  sodium selenate STZ-induced
diabetics rats. Diabetes, 40  (1991) 1675-1678.
[Mer82] Mertz W. Trace minerals and atherosclerosis. Federation Proceedings, 41 (1982) 2807-2812.
[Mer93] Mertz W. Essential trace metals: N ew  definition based on new paradigms. Nutrition R eview s, 51
(1993) 287-295.
[M ey87] M eyerovitch J., Faifel Z., Sack J., Schechter Y. Oral administration o f  vanadate normalises blood
glucose levels in streptozotocin-treated rats. Journal o f B iological Chemistry, 262 (1987) 6658- 
6662.
[M oo87] Mooradian A ., M orley J., Micronutrient status in diabetes mellitus. American Journal o f  Nutrition,
45 (1987) 877-895.
[M oo94] Mooradian A ., Failla M., H oogw erf B ., Maryniuk M., et al. Selected vitamins and minerals in
Diabetes. Diabetes Care, 17 (1994) 464-479.
[Nai99] Naidu G. R., Denschlag H. O., Mauerhofer E., Porte N. et al. Determination o f  macro, micro
nutrient and trace elem ent concentrations in Indian medicinal and vegetable leaves using 
instrumental neutron activation analysis. Applied Radiation and Isotopes, 50  (1999) 947-953.
[Nic86] N icholl C. G., Levy J. C., Mohan V ., Rao P. V ., Mather H. M. Asian diabetes in Britain: A  clinical
profile. Diabetic M edicine, 3 (1986) 257-260.
[N ie89] N ielsen F. N ew  essential trace elem ents for the life sciences. B iological Trace Elem ent Research,
2 6 -7 (1 9 9 0 ) 599-611.
181
References
[N ew93] N ew house I., Clem ent D ., Lai C. Effects o f  iron supplementation and discontinuation on serum
copper, zinc, calcium and magnesium levels in women. M edicine and Science in Sports and 
Exercise, 2 5 (1 9 9 3 )5 6 2 -5 7 1 .
[Nou97] Nourooz-Zadeh J., Rahimi A ., Tajaddini-Sarmadi J. et al. Relationship between plasma measures
o f  oxidative stress and metabolic control in NIDD M . Diabetologia, 40  (1997) 647-653.
[Ost89] Oster O., Dahm M ., Oelert H., Prellwitz W . Concentrations o f  som e trace elem ents ( Se, Zn, Cu,
Fe, M g, K) in blood and heart tissue o f patients with coronary heart disease. Clinical Chemistry, 35  
(1989) 851-856.
[Pal93] Pallon J., Knox J. Applications in m edicine using the new Lund microprobe. Nuclear Instruments
and M ethods in Physics Research, B 77 (1993) 287-293.
[Pap78] Papper C. S., Chaudhri M. A ., R ouse J. L. The elimination o f  charging in the PIXE analysis o f
thick biological samples. Nuclear Instiuments and M ethods, 154 (1978) 219-221.
[Pic97] Pickup J. C., W illiam s G., Textbook o f  D iabetes:Vol.2 (2"** ed.), B lackw ell Sciences, 1997.
[Poo97] Poole A. The role o f  trace elem ents in the pathophysiology and treatment o f  diabetes mellitus; A
review. M Sc., University o f Surrey, 1997.
[Pou93] Poulter N ., Sever P., Thom S. (editors). Cardiovascular disease: Risk factors and intervention.
Radcliffe M edical Press, Oxford, 1993
[Rav99] Ravina A ., Slezak L., Mirsky N ., Brydent N ., et al. Reversal o f  corticosteroid-induced diabetes
mellitus with supplemental chromium. Diabetic M edicine, 16 (1999) 164-167.
[Raz89] Raz I., Haviv E. Trace elem ents in blood cells o f  diabetic subjects. D iabetes Research, 10 (1989)
21-24.
[Res93] Resnick L., Altura B. T., Gupta R., Laragh J. et al. Intracellular and extracellular magnesium
depletion in Type 2 (non-insulin dependent) diabetes mellitus. D iabetologia, 36 (1993) 767-770.
[Rev97] Revel G., M osbah M ., Bosher-Barre N. The nuclear micorprobe: A  complementary tool to N A A
characterisation. Journal o f  Radioanalytical and Nuclear Chemistry, 217 (1997) 229-236.
[Rho94] Rhodes C. J., Alarcon C. What (3-cell defect could lead to hyperinsulinaemia in NIDDM : Som e
clues from recent advances made in understanding the proinsulin-processing mechanism. Diabetes, 
4 3 (1 9 9 4 )5 1 1 -5 1 7 .
[Ros90] Rossetti L., Giaccari A ., Klein-Robbenhaar E., V ogel L. Insulinm im etiic properties o f  trace
elem ents and characterisation o f  their in vivo mode o f action. D iabetes, 39 (1990) 1243-1250.
[Rub98] Rubens F. D ., Ruel M., Lavallee G., Watson M., et al. Circuits with surface m odifying additive
alter the haemodynamic response to cardiopulmonary bypass. European Journal o f  Cardio-thoracic 
Surgery, 15 (1999) 353-358.
[Rus81] Russell S. B ., Schulte C. W ., Faiq S., Cambell J. L. Specim en backings for proton induced X-ray
em ission analysis. Analytical Chemistry, 53 (1981) 571-574.
[Sha88] Shah D. R, Singh P. P, Gupta R. C, Bhandari T. K Effect o f  oral zinc supplement on serum lipids
and lipoproteins in human subjects. Indian Journal o f Physiology and Pharmacology, 32  (1998) 47- 
50.
182
References
[Sal91] Salonen J. T., Salonen R., Korpela H., Suntionen S., Tuomilehto J. Serum copper and the risk o f
acute myocardial infarction: A  prospective study in men in Eastern Finland. American Journal o f  
Epidem iology, 134 (1991) 268-276.
[Sal98] Salonen J. T., Tuomainen T-P. Relation between iron stores and non-insulin dependent diabetes in
men: Case-control study. British M edical Journal, 317 (1998) 727.
[San70] Sandstead H. H., Lanier V. C., Shepard G. H., Zinc and wound healing. Effects o f  zinc deficiency
and zinc supplementation. American Journal o f  Clinical Nutrition, 23 (1970) 514-519.
[Sas98] Sasaki S., Oshima T., Matsuura H., Ozono R. et al. Abnormal magnesium status in patients with
cardiovascular diseases. Clinical Sciences, 98 (1998) 175-181.
[Sch97] Schror K. B lood vessel wall interactions in Diabetes. Diabetes, 46  (1997) SI 15-S l 18.
[SeeOO] Seely S. Possible connection between milk and coronary heart disease: The calcium  hypothesis.
M edical Hypotheses, 54 (2000) 701-703.
[Sim93] Sim mons D. Powell M. J. M etabolic and clinical characteristics o f  South A sians and Europeans in
Coventry. Diabetic M edicine, 10 (1993) 751-758.
[Sim97] Sim mons D ., W illiam s R. Dietary practice among Europeans and different South Asian groups in
Coventry. British Journal o f  Nutrition, 78 (1997) 5-14.
[Sjo88] Sjogren A ., Claes-Henrik F. and N ilsson  A. M agnesium, potassium and zinc deficiency in subjects
with type 2 diabetes mellitus. Acta M edica Scandinavica, 224 (1988) 461-465.
[Smi99] Smith T., M edical editor. The british medical association: A -Z  fam ily medical health encyclopedia.
Dorling Kindersley, London, 1999.
[Som 70] Soman S.D ., Joseph K. T., Raut S. J., Mulay C. D ., et al. Studies on major and trace elem ent
content in human tissues. Health Physics, Pergamon Press, Northern Ireland 19 (1970) 641-656.
[Sua92] Suadicani P, Hein H. O, Gyntelberg F. Serum selenium  concentration and risk o f  ischem ic heart
disease in a prospective cohort study o f  3000  males. Atherosclerosis 96  (1992) 33-42.
[Spy88] Spyrou N. M ., Al-M ugrabi M .A. M ass fractionation and the sam pling factor in cyclic activation
analysis. Journal o f  Trace and Microprobe Techniques, 6 (1988) 425-435.
[Spy90] Spyrou N. M., Farooqi A. S., Arshed W ., Akanle O.A. Determination o f  the sampling factor in
biological standards using IN A A  and PIXE analysis. Nuclear Instruments and M ethods in Physics 
Research, A 299 (1990) 589-592.
[Sta91] Stadtman E. R., Oliver C. N . M etal-catalysed oxidation o f  proteins, physiological consequences.
Journal o f  B iological Chemistry, 266 (1991) 2005-2008.
[Ste97] Stedman J. D. Regional distribution o f  elemental concentrations in brain tissue o f  ‘normal’ ageing
and sporadic A lzheim er’s disease subjects by PIXE, RBS and IN A  analyses. PhD, University o f  
Surrey, 1997.
[Sve99] Svedjeholm  R., Hakanson E., Szabo Z. M etabolic intervention for the ischem ic and post-ischem ic
heart. W iener Klinische W ochenschrift, 111 (1999) 501-511,
[Syt96] Sytkowski P. A ., D ’A gostno R. B ., Belanger A ., Kannel W . B . Sex and tim e in caidiovascular
incidence mortality: The Framington heait study 1950-1989. American Journal o f  Epidem iology, 
143 (1996) 338-350.
183
References
[Tho95] Thompson K. H., Godin D. V . Micronutrients and antioxidants in the progression o f  diabetes.
Nutrition. Research, 15 (1995) 1377-1410.
[Thom97] Thompson D ., Parry S. J., Benzing R. The validation o f a method for determining the migration o f
trace elem ents from food packaging materials into food. Journal o f  Radioanalytical and Nuclear 
Chemistry, 217 (1997) 147-150.
[Tin94] Tindell H., Martin P., Pinnock S., Stickland M., et al. Higher levels o f  microproteinuria in Asian
compared with European patients with diabetes mellitus and their relationship to dietary protein 
intake and diabetic com plications. Diabetic M edicine, 11 (1994) 37-41.
[Tor96] Tortora G. J., Reynolds-Grabowski S. Principles o f  anatomy and physiology. HarperCollins (8 ‘''
ed.), N ew  York, 1996.
[Tur98] Turner R. C., M ilns H., N eil H. A. W ., Stratton I. M. et al. Risk factors for coronary artery disease
in non-insulin dependent diabetes mellitus; United Kingdom prospective diabetes study 
(U K PD S:23), British M edical Journal, 316 (1998) 823-828.
[Und71] Underwood E. J. Trace elem ents in human and animal nutrition. A cadem ic press (3*  ^ ed.). N ew
York, 1971.
[Val80] V alkovic V ., A nalysis o f  biological material for tiace elem ents using spectroscopy, CRC Press
Inc., Florida, 1980.
[Valk99] de Valk H. W . M agnesium in diabetes mellitus. The Netherlands Journal o f  M edicine, 54  (1999)
139-146.
[Ver75] Versieck J., Barbier F., Speecke A ., Hoste J. Influence o f  myocardial infarction on serum
managanese, copper and zinc concentrations. Clinical Chemistry, 21 (1975) 578-581.
[Ver98] Verrier E. D ., Morgan E. N . Endothelial response to cardiopulmonary bypass surgery. The Society
of Thoracic Surgeons, 66 (1998) S17-19.
[Ver89] Versieck J., Cornelis R. Trace elem ents in human plasma or serum. CRC Press, B oca Raton,
Florida, 1989.
[V es93] Vesterberg O., A lessio L., Brune D ., Gerhardsson L., Herber R. et al. International project for
producing reference values for concentrations o f trace elem ents in human blood and urine -  
TRACY. Scandinavian Journal o f  W ork Environment and Health, 19 (1993) 19-26.
[V ol62] V olkov N. F. Cobalt, manganese and zinc content in the blood o f  atherosclerosis patients.
Vrachebnoe D elo, 34 (1962) 52-54.
[W al91] Walter R. M ., Uriu-Hare J. Y ., Lew is Olin K., Oster M. H., et al. Copper, zinc, manganese, and
magnesium status and com plications o f  diabetes mellitus. Diabetes Care, 14 (1991) 1050-1055.
[W al98] Walker A. (editor). Trace elem ent analyses. Provided by the laboratories o f the supra regional
assay service o f  the National Health Service. Produced at the Royal Surrey County Hospital, 
Guildford, 3'^ '* edition, 1998.
[W ei91] W ei Y. Y., Chung C. Elemental analysis o f  Taiwanese areca nut and lim es with IN AA . Journal o f
Radioanalytical Nuclear Chemistry, 217 (1997) 45-51.
[WieOO] W ielgosz A. T., Nolan R. P. Biobehavioural factors in the context o f  ischem ic cardiovascular
disease. Journal o f  Psychosom atic research, 48 (2000) 339-345.
[W il77] W illis R. D ., Walter R. L. Proton induced x-ray em ission analysis o f  thick and thin targets. Nuclear
Instruments and M ethods, 142 (1977) 67-77.
184
References
[W is99] Wishart D. ClustanGraphics Primer; A  guide to cluster A nalysis. Clustan Limited, Edinburgh.
[Yaj84] Yajnik C. S., Smith R. P., Hockday T. D ., Ward N. I. Fasting plasma M g concentrations and
glucose disposal in diabetes. British M edical Journal (Clinical Research Edition). 288 (1984) 1032- 
1034.
[YayOl] Yaylim  I., Isbir C. S., Taylor A ,, Mercan S. Trace elem ents alterations before and after
cardiopulmonary artery bypass grafting. Trace Elements and Electrolytes, 18 (2001) 16-19.
[Yud96] Yudkin J. S. Non-insulin-dependent diabetes mellitus (N ID DM ) in Asians in the UK. Diabetic
M edicine, 13 (1996) S16-S18.
[Zai97] Zaichick V ., Zaichick S. A  search for losses o f  chemical elem ents during freeze drying o f
biological materials. Journal o f  Radioanalytical and Nuclear Chemistry, 218 (1997) 249-253.
[Zer97] Zerr K., Furnary A ., Grunkemeier G., Bookin S. et al. G lucose control lowers the risk o f  wound
infection in diabetes after open heart operations. The Society o f  Thoracic Surgeons, 63 (1997) 356- 
361.
[Zim83] Zimm et P., Taylor R., Ram P., King H., et al. Prevalence o f  diabetes and impaired glucose
tolerance in the biracial (M elanesian and Indian) Population o f  Fiji -  A  rural urban comparison. 
American Journal o f  Epidem iology, 118 (1983) 673-688.
[W H 099] Definition, diagnosis and classification o f diabetes mellitus and its com plications. Part 1;
Diagnosis and classification o f  diabetes mellitus. World Health Organisation, Department o f  
Noncom m unicable D isease Surveillance, 1999. Geneva: W HO (W H O /N C D /N C S.99.2)
185
Appendix 1
University of Surrey/Charlotte Ridge
Blood Collection Protocol
Each collection tube should be clearly labelled with permanent pen, by Dr Alsahaf (Cardiac 
Anaesthesia ITU), with the volunteer’s code and the date when the sample was taken. A 
separate number has been written on the bottom of each polyethylene container for use by the 
University of Surrey only. Samples are to be collected in the vacutainer® tubes provided by 
the researcher from the University of Surrey. Blood collection vacutainer tubes should only 
be twisted open when they are ready to be filled and the top should be replaced straight away 
afterwards. The person from Haematology carrying out the manipulation of the blood should 
wear disposable gloves, which are powder free externally, at all times to protect the samples 
from contamination.
Two 6mL vacutainers containing lithium heparin will be used to talce blood from each subject, 
one will be filled to 6mL and the other to 4mL.
The 6mL sample of blood will be used for trace element analysis of red blood cells and
plasma. This vacutainer should be placed in a fridge at -5°C and spun between 24-48 hours
after collection or earlier if possible. Typically this sample should be spun in a centrifuge at j
SOOOipm for 10 minutes or until it is clear* that separation has occurred. A pipette with
disposable pipette tips, provided by The University of Surrey, should be used to draw off the
plasma into a pre-cleaned polyethylene container and using another pipette tip red blood cells
should be collected into another pre-cleaned polyethylene container. The interface between
the two is not to be kept and a small polyethylene tube marked with an T is provided to t
collect the interface for disposal. It is important that the plasma and red blood cells are i
collected using different pipette tips, once the plasma has been drawn off that pipette tip can
be used to extract the interface and then the tip must be thrown away and replaced to collect i
the red blood cells. The plasma and red blood cells should be placed upright in a freezer at ;
-5°C for at least 24 hours. Each polyethylene container must have the sample code (given by
Dr Alshaf) transcribed using a permanent pen from the vacutainer from which they were
taken.
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The vacutainer containing the 4mL blood sample must be transferred into the pre-cleaned 
polyethylene container with the sample code (given by Dr Alsahaf) transcribed onto the label 
with the letter ’w’ added at the end of the code to indicate that this is a whole blood sample. 
This sample will be analysed for trace elements in whole blood and must be stored upright in 
a freezer at -5°C for at least 24 hours.
When frozen, all three samples (whole blood, plasma and rbc) are ready to be placed in the 
freeze drier, instructions for operation of the freeze drier aie attached. The lids of the 
polyethylene containers should be opened during the freeze drying. All three samples from 
each volunteer should have their weight recorded before and after freeze drying for 24 hours. 
Freeze dried samples should be stored in the dessicator provided by The University of Surrey 
until Chaiiotte Ridge comes to collect them.
Blood collection kits have been prepared for individual subjects that contain the necessary 
items to be able to follow this protocol once the blood is collected. Extra pipette tips and 
collection tubes have been bagged together should blood collection be possible from more 
subjects.
\
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Information Sheet 
Trace Elements and Type 2 Diabetes
Dear Sir/Madam,
We are currently investigating the role of elements, like zinc, copper and iron, as a causative 
factor in diabetes. To do this we intend to establish a study to observe any effects by taking a 
small amount of blood from you (through a catheter which is already there and whilst you are 
asleep).
This study is observational and requires no therapeutic interventions or alterations in 
current practice.
All patients will be asked to give informed consent the night before surgery. This study has 
been approved by the Hospital Ethics Committee.
We will ask you some questions about your age and general health.
You have the right not to participate in the study or to withdraw from the study at any point. 
This will not affect the quality of the treatment provided.
If you need any further information please contact me via the Department of Anaesthesia at 
St. George’s on extension /.
Many thanks.
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Patient consent form
*I (full name in block capitals please)..............
agree to take part in the clinical study entitled:
Changes in trace elements and its relation to immediate and long term 
complications following cardiopulmonary bypass for patients undergoing 
elective coronary artery bypass grafting.
*1 have been given a copy of the information sheet for patients relating to this study, which 1 
have read and understood.
*1 understand that 1 may withdraw from the study at any time if 1 consider this is in my best 
interest.
H  will not be referred to by name in any report concerning the trial disclosed to any other 
person.
1 (clinical investigator)....................................................................... confirm that 1 have
explained the nature, purpose and possible hazard of the above trial to
Name (capital letters)............................................
Signed..........................................................Dated.
Patient’s signature...................................... Dated.
Witnessed by.............................................. Dated.
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Date of hospital admission and discharge for CAB G patients.
Subject Date of hospital admission
Date of hospital 
discharge
CABG 1 11/1/2000 21/1/2000
CABG2 6/12/1999 17/12/1999
CABG 3 8/12/1999 16/12/1999
CABG 4 not available not available
CABG 5 17/1/2000 25/1/2000
CABG 6 25/1/2000 1/2/2000
CABG 7 16/1/2000 24/1/2000
CABG 8 17/1/2000 25/1/2000
CABG 9 25/1/2000 1/2/2000
CABG 10 16/1/2000 3/2/2000
CABG 11 23/1/2000 9/2/2000
CABG 12 7/12/1999 14/12/1999
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Subject Drugs history prior to hospital admission
CABGl
ISMN
Linsoprasil
Frusemide
CABG 2
Atenolol
Lipitor
Asprin
CABG 3 —
CABG 4 AtenololISMN
CABG 5
Atenolol
Diltiazem
Asprin
CABG 6
Atenolol 
Diltiazem 
Asprin 
Glyceryl Trinitrate 
Atorvestatin
CABG 7
ISMN
Enalapil
Diltiazem
CABG 8
Diltiazem
ISMN
Atenolol
CABG 9
Asprin
p-blockers
ISMN
Amlopidine
CABG 10
Salmutamol
Dipyridamole
Diltiazem
CABG 11
Nicardial
Amlopidine
Asprin
Metformin
Atenolol
CABG 12
Amlopidine 
Asprin 
Ibuprofen 
Glyceryl Trinitrate 
Atenolol 
Allopurinol
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Brief explanation of drugs
Allopurinol is used for the long-term control of gout particularly suitable for patients with 
renal impairment. It may cause rashes, gastro-intestinal disorders, headaches, dizziness and 
hypertension.
Amlopidine is a type of calcium channel blocker. Calcium channel blockers interfere with 
the inward displacement of Ca ions through the slow channels of active cell membranes. They 
influence the myocardial cells, myocaidial contractility may be reduced, the formation and 
propagation of electrical impulses within the heart may be depressed and coronary or systemic 
vascular tone may be diminished. Amlopidine can be associated with adverse effects such as 
headache, oedema, fatigue and hyperglycaemia.
Asprin is an analgesic drug used to treat numerous disorders. It can cause irritation of the 
stomach lining causing indigestion and nausea or in more sever cases gastric bleeding and 
ulcers.
Atenolol is one of several P-blockers used to treat hypertension, angina and arrhythmia. Side 
effects include bradycardia (slow heart beat), heart failure, hypotension, peripheral 
vasoconstriction, gastro-intestinal disturbance, fatigue and sleep disturbance.
Atorvestatin is an antilipid drug that acts to retain lipids in the liver, which reduces blood 
lipids and hence lowers blood cholesterol levels. Statins help prevent coronary events in 
patients at increased risk. Side effects include headache, altered liver-functions tests and 
gastro-intestinal effects.
Diltiazem is a calcium antagonist used in the treatment of hypertension and angina. It acts as 
a calcium channel blocker and stops Ca entering cells. Side effects can include headaches, 
loss of appetite, hypotension, nausea, constipation and swollen ankles.
Dipyridamole is a vasodilator that acts to prevent the formation of abnormal arterial blood 
clots by reducing the stickiness of blood platelets. Adverse effects include headache, flushing 
and dizziness.
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Ënalarpil is an ACE inhibitor drug used to treat hypertension and heart failure. There are 
numerous possible side effects including palpitations, aiTythmias, angina, myocardial 
infarction, anorexia, hepatic failure and insomnia.
Frusemide is a diuertic used to treat oedema (fluid retention) and hypertension. Adverse 
effects include hypokalaemia, hypomagnesaemia, hypochloraemic alkalosis, increased 
calcium excretion, hypotension and gastro-intestinal disturbances.
Glyceryl Trinitrate (GTN) are coronary vasodilators which also reduce left ventricular work 
and relieve angina. Side effects include throbbing headache, flushing, dizziness and 
tachycardia.
Ibuprofen is a nonsteroidal anti-inflammatory drug commonly used for pain relief. Side 
effects of ibuprofen include abdominal pain, diarrhoea, nausea, heartburn and dizziness.
Isosorbide mononitrate (ISMN) is a vasodilator drug that reduces the severity and frequency 
of angina (chest pain due to reduced blood supply to the heart) and can also be used to treat 
heart failure due to reduced pumping efficiency. Possible adverse effects include headaches, 
hot flushes, dizziness and tachycardia.
Linsoprasil stops the activation of the H-P pump receptors in the gut, which causes release of 
K and H absorption into the gut.
Lipitor a type of statin used to lower LDL-cholesterol and reduce coronaiy events. Side 
effects include insomnia, rash, hypoglycaemia, hyperglycaemia and chest pain.
Metformin is an oral hypoglycaemic treatment for Type 2 diabetes. It works by restricting 
the production of glucose by the liver thereby reducing blood glucose and increases insulin 
sensitivity improving cell uptake of glucose from the blood. Metformin may cause loss of 
appetite, a metallic taste in the mouth, nausea, vomiting, diarrhoea, lactic acidosis and 
decreased vitamin B12 absorption.
Salbutamol is a bronchodilator used to treat asthma, chronic bronchitis and emphysema.
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Details of Priming Solutions
St. Thomas’ Solution
Per lOQOmL MgCl 3.253g
KCl 1.193g
Procain 272.8mg
Disodium Editate 
NaOH + water 20mL
(local anaesthetic)
Hartmann’s Solution (Compound Sodium Lactate, Intravenous Infusion BP)
NaCl 6g
Na Lactate 3.22g
KCl 400mg
CaCl 270mg
NaOH
Lactic acid
Osmolarity 278 mosmolL"
pH 6
Na 131 mmolL'^
K 5 mmolL'*
Ca 2 mmolL'^
Cl 111 mmolL'*
Lactate 29 mmolL'^
20mL of St. Thomas’ solution is mixed with 200mL of Hartman’s and 800mL of blood.
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Mannitol Intravenous Infusion BP 10% w/v (3mLkg'^) 
Hypertonic
Diuertic -  promotes Na and water loss by the kidneys. 
Osmolarity 549 mosmolL'* (approx.)
Per lOOOmL Mannitol lOOg
NaOH
Na Heparin (10 OOGu per patient)
Na citrate
NaCl
Water
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Clock Time pH Base Na(mmolL’h
K
(mmoIL'')
Hb
(mmolL'h
C A B G l 0945 7.44 -0.5 139 4.2 12.4
1015 7.38 -1.3 139 4.1 11.5
1059 7.4 -1.5 136 4.9 8.5
1139 7.4 -1.5 138 4.8 9.5
1150 7.38 -2.6 135 4.6 8.4
1224 7.36 -3.4 138 4.3 8.3
1249 7.35 -3.7 138 4.3 8.1
CABG 2 1431 7.4 -1.2 139 4.1 12.7
1551 7.35 -2 5 134 4.5 8.2
1625 7.4 -2.7 134 5.1 7.5
1640 7.4 -2.8 134 5.3 7.61722 7.34 -2.2 136 4.1 8.8
CABG 3 0914 7.48 1.2 141 3.3 13.11135 7.45 -3.8 144 3.5 10.7
CABG 5 1310 7.35 -0.4 138 4.1 14.61343 7.417 -2.2 138 4.4 6.1
1401 7.317 -3.7 129 5.3 8
1453 7.35 -5.2 134 5.73 10.1
1515 7.3 -6 136 5.5 10.7
1530 7.259 -5 135 5.2 9.6
CABG 6 1327 7.36 0.2 140 4 14.8
1400 7.37 -2.6 133 5.1 9.41510 7.43 -1.7 134 4.4 10.21535 7.37 -1.5 135 4.9 10.6
1629 7.36 -3 140 4.61 10.61655 7.36 -3.7 140 4.16 10.6
CABG 7 1339 7.43 -1.1 140 3.7 11.81439 7.4 -3.1 134 5.3 6.5
1508 7.4 -2.1 136 4 7.81520 7.4 -1 137 4.9 6.81552 7.4 -1 138 4.5 7.8
CABG 8 0920 7.44 0.9 138 4.5 11.91044 7.33 -1.1 133 5 7.91117 7.4 -0.2 133 5.3 7.91146 7.44 -0.6 133 5.9 8.31245 7.36 -1 136 5.3 9.1
CABG 9 1000 7.42 -0.9 146 4.5 13.91211 7.41 -4.8 137 5.1 7.7
1238 7.44 -2.6 134 5.2 7.11323 7.45 -2.7 133 5.9 71353 7.43 -2 135 5.3 7.4
CABG 10 0927 7.42 -2.5 143 3.7 10.41006 7.25 -2 141 3.7 8.51017 7.4 -3.2 134 4.1 51035 7.48 -2.1 135 3.9 5.61112 7.29 -4.1 142 3.7 8
CABG 11 0941 7.36 -0.3 137 4.2 12.71040 7.41 -2.1 140 4.1 11.8
1149 7.43 -3 140 3.7 11.71310 7.32 -8 145 3 9.7
1400 7.35 -2.3 134 5 9.2
CABG 12 1410 7.39 0.3 139 4 12.6
1450 7.36 0.1 139 3.9 12.11545 7.3 -4.7 135 5.9 7.9
1621 7.45 -2.7 137 4 8.5
1646 7.42 -3.1 137 4.8 8.6
1754 7.45 -1.5 136 4 8.6
Intraoperative changes from start of bypass
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